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Abstract 
Stormwater pollution from human activity and urbanization has caused phosphorus 
concentrations in the Charles River to rise dangerously. In the midst of new stormwater 
regulations, Stantec needs to prepare for a growing demand for phosphorus mitigation projects. 
This project intends to support Stantec with the stormwater management plan at a redevelopment 
site along the Charles River. The design of a system dynamics model and cost-benefit analysis tool 
were key elements used to make recommendations for the stormwater plan.  
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Capstone Design Statement 
In order to fulfill the requirements set forth by the Accreditation Board for Engineering 
and Technology (ABET), Worcester Polytechnic Institute (WPI) requires students to complete a 
Major Qualifying Project (MQP). In accordance to ABET Criterion 5 requirements, “students must 
be prepared for engineering practice through a curriculum culminating in a major design 
experience based on the knowledge and skills acquired in earlier course work and incorporating 
appropriate engineering standards and multiple realistic constraints”. To address this, the team will 
design phosphorus treatment and/or removal techniques for stormwater runoff on a 30-acre site 
under redevelopment in Watertown, MA. Through this design the project will meet the ABET 
realistic constraints as follows: 
 
Economic: 
Upon analysis of stormwater runoff and phosphorus loading on the Watertown site, the 
team will determine the most cost efficient treatment technique(s) for phosphorus reduction. These 
techniques may be used independently or in conjunction as thus need to be analyzed for cumulative 
costs and efficiency. 
 
Environmental: 
The underlying goal of this project is to reduce phosphorus pollution of stormwater that 
discharges into the Charles River. Stormwater pollution by phosphorus is the first step in a chain 
of environmental degradation resulting in decreased oxygen concentration for animal life and 
detrimental changes to water quality. In sluggish water systems such as the Charles, pollutants are 
persistent, compounding their effects on the environment. The interaction between phosphorus 
sources and the environment, both natural and constructed, will be considered within the team’s 
methodology. 
 
Ethical: 
This project will comply with the American Society of Civil Engineers Code of Ethics. 
Following the Fundamental Principles and Canons, the project team will endeavor to provide 
Stantec with the best possible recommendation for phosphorus treatment and/or removal while 
holding impartiality between them and their clients. Further, at no time will the team engage in or 
be complicit to dishonest activities and will hold ourselves to the standards set by WPI and any 
laws of a governing body.  
 
Health and Safety: 
The Charles River has had a history of contamination and impaired streamflow. The 
phosphorus treatment design and analysis aims to reduce this hazard to humans and wildlife 
downstream, improving health and safety for all users of the river.  
 
Constructability:  
Constructability will be a key design component for the analysis of the varying phosphorus 
and stormwater treatment techniques. Investigations between treatment techniques used in tandem 
or independently will be contingent on site limitations and costs for construction to favor the most 
cost-efficient options available.  
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Sustainability:  
This project will analyze all treatment techniques for long term sustainability. The looming 
threat of global climate change has led to a reevaluation of sustainability worldwide, and it is no 
different with the proposed project. Phosphorus reduction is one part of the 10-year campus plan 
Stantec has been tasked to develop for the site. Treatment techniques proposed by the team will 
meet or exceed goals established for phosphorus reduction. 
 
  
Page | iv 
 
Professional Licensure Statement 
In the engineering industry, professional licensure is a certification obtained by engineers 
that indicates their capabilities to perform engineering design. Individuals who have obtained this 
licensure are known as Professional Engineers (PEs).  
In order to obtain a professional licensure, an individual must graduate from an accredited 
engineering program, and pass the Fundamentals of Engineering (FE) examination. Upon passing 
this exam, engineers receive their Engineer-in-Training (EIT) certification. After obtaining an EIT 
certification, an engineer in training must work under a PE for four years. Lastly, the engineer 
must pass the Principles and Practices of Engineering (PE) exam and obtain their license from the 
state that they work in. Once obtained, this license must be maintained and renewed by following 
the guidelines by the state that issued the license.  
Professional licensures are important for the health and safety of the public because they 
ensure that design, review, and supervision of any project are only performed by qualified 
individuals who meet the criteria to be able to perform these tasks. To the individual, professional 
licensures are important for advancing one’s career and gaining recognition for the skills, 
knowledge, and experience that they possess. 
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Executive Summary 
Phosphorus is a nutrient commonly contaminating stormwater, derived from the natural 
decay of plant material and human activities. Along with nitrogen, nutrients such as phosphorus 
prove to be a difficult contaminant to remove from stormwater runoff. When phosphorus 
concentrations increase in a surface water body, the aquatic ecosystem experiences detrimental 
effects of this pollution, including eutrophication. The Charles River has experienced these effects 
over the years as the greater Boston area has been developed and urbanized. 
Because of this, the Environmental Protection Agency (EPA) will be releasing Total 
Maximum Daily Load (TMDL) regulations in the near future that will more stringently limit 
phosphorus concentrations in stormwater runoff. This is valuable to Stantec because there will be 
a growing demand for phosphorus mitigation projects in New England. One such project is the 
athenahealth redevelopment in Watertown, MA. Located on a former superfund site, this 
commercial campus has minimal stormwater management, and runoff typically flows untreated to 
the Charles River. athenahealth is looking forward to redeveloping this site, home to their growing 
international headquarters. As a requirement for the campus plan submitted to the town for this 
project, Stantec prepared a stormwater management report. This report requires an accurate and 
thorough assessment of stormwater flow rates and contaminants. While many contaminants, such 
as suspended solids, have a long history of research and extensive results on treatment removal 
rates, phosphorus is a relatively new constituent of concern, and lacks comprehensive and reliable 
data on efficiencies of various stormwater treatment techniques. 
This project was intended to support Stantec with developing an effective stormwater 
management plan for the athenahealth campus redevelopment as well as to prepare the company 
for a growing influx of such phosphorus mitigation projects. The team intended to so by analyzing 
published documentation on various stormwater management options for cost-effective 
phosphorus removal and offering design alternatives for the athenahealth project.  
The first step to developing design alternatives for the athenahealth project was to analyze 
and compiled information from Stantec’s proposed stormwater management plan in order to learn 
background information, understand the proposed changes to the site, and analyze how these 
changes affect stormwater runoff.  
Through research, site visits, and calculations, the team compiled a quantitative list of all 
sources of phosphorus on-site. This included both a list of sources and concentrations, as well as 
a calculated sum of the phosphorus loading per year at the athenahealth site. The phosphorus 
loading calculation revealed that the existing site produced 50.44 lbs/year of phosphorus while the 
proposed plan reduced that quantity to 46.26 lbs/year. 
The team collected stormwater samples on site from four locations to gain an understanding 
of phosphorus concentrations in runoff from various surface types on-site. These locations 
represented the two major impervious surfaces on the athenahealth site; vehicle-trafficked and roof 
surfaces. Following collection on February 3rd, these samples were tested on February 4th for total 
phosphorus and total dissolved phosphorus using filtration, digestion and titration techniques 
similar to the Standard Method 4500-P. From this analysis, an estimated site-average phosphorus 
concentration of 0.26 mg/L was determined and used to develop an estimate for the overall 
phosphorus removed on an annual basis.  
A cost-benefit analysis provided the best option for comparing the stormwater management 
options for phosphorus removal. In order to complete the analysis, eight variables were needed for 
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each treatment option; capital cost, annual maintenance costs, year of the price estimates, effective 
lifespan of the technology, future cost of replacement or repair, the site phosphorus loading rate, 
the treatment technique’s phosphorus-removal rate, and the effective treatment area for the 
technique. From a selection of manufacturer’s estimates, independent researcher’s reports, 
institutional studies, and government technical reports, these variables were determined for twenty 
treatment technologies for phosphorus in stormwater. Using economic analysis for net present 
cost, the cost per pound of phosphorus removed over a 25-year and 50-year analysis were 
calculated for each stormwater management option. 
A system dynamics model for the site was developed using VenSim software to specifically 
analyze phosphorus. The model is comprised of three subsystems representing phosphorus mass 
loads, stormwater, and vegetative biomass. After the model was constructed, simulations were run 
to test its validity, and various treatment technologies were included in the model in order to 
analyze their effects on the whole system. This tool was essential for analyzing indirect as well as 
direct influences of various treatment technologies on overall phosphorus removal. 
After completing the research and methodology outlined above, the team developed a 
series of recommendations for Stantec’s campus plan, for the athenahealth land use, and for future 
research.  
 
Campus Plan Recommendation 1: Additional Vegetative Swales 
Vegetated grass swales offer a cost-effective solution for phosphorus removal and 
additional swales as pretreatment to the proposed infiltration system would be a highly 
viable option for the campus plan.  
Campus Plan Recommendation 2: Insertable Filter Cartridges  
Insertable filter cartridges were the most cost-effective solution for phosphorus removal 
from the team's analysis. Though unable to meet the 65% goal for phosphorus removal on 
their own, these cartridges can be used a spot pretreatment option for areas of the site with 
high phosphorus runoff. 
Campus Plan Recommendation 3: Positive Reuse of Rainwater 
Recycling the rainwater collected from the five cisterns in the proposed stormwater report 
for reuse in irrigation, for greywater, or for maintaining the liquid content in the proposed 
vegetative swales allows for new interactions with runoff for athenahealth. 
Campus Plan Recommendation 4: Biofilter Soil Composition 
Stantec’s proposed stormwater plan includes a biofilter made with a media mix of 50% 
sand, 30% loam, and 20% shredded bark mulch. Instead, we recommend a biofilter media 
composition of 50-54% (by weight) sand, 45% loam, and 1-5% steel-wool fabric for a 
greater phosphorus removal efficiency via sorption and infiltration. 
Land Use Recommendation 1: Pet Waste Composting 
The athenahealth campus is a pet-friendly environment, resulting in significant amounts of 
pet waste. The installation of pet waste composting units would reduce risks for stormwater 
contamination, provide the campus with natural compost, divert waste from landfills, and 
reduce the maintenance requirements of filling pet waste bag stations. 
Land Use Recommendation 2: Eco-friendly Deicing Methods 
Salt and sand sediments were prevalent due to the seasonal weather. The use of alternative 
deicing materials and the reevaluation of application rates can result in reduced risk of 
stormwater runoff contamination. 
Land Use Recommendation 3: Educational Signage  
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Educational signage allows for interaction between campus visitors and the site. The team 
recommends the implementation of educational signage, specifically near stormwater 
management features, to explain their purpose and promote behaviors that reduce the risk 
of stormwater contamination. 
Future Research Recommendation 1: A Comprehensive Stormwater Study 
The limited time period for this project prevented a comprehensive analysis of stormwater 
runoff from the site, limiting the results of the team’s analysis. Thus, one of the 
recommendations was to conduct a more comprehensive study on the site’s stormwater 
runoff. 
 Future research Recommendation 2: Future MQP for Comprehensive Analysis 
Sponsoring an additional MQP to monitor the effects of phosphorus over a longer period 
would allow for a more comprehensive study to be completed for Stantec and would align 
more closely to Stantec’s goal for reliable phosphorus removal efficiencies. 
 
The team believes that the implementation of these recommendations would enable 
athenahealth to maintain their vision for the campus, and Stantec to make this vision a reality, 
without risk of violating the looming TMDL regulations or contributing to pollution of the Charles 
River. 
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1.0 Introduction 
The Charles River is one of Boston’s greatest natural assets. However, urbanization over 
the past century has had detrimental effects on the river, most notably increasing amounts of 
pollution from stormwater runoff. The Charles River Watershed Association (CRWA) has 
documented unacceptably high concentrations of phosphorus in the Charles River. The 
Environmental Protection Agency (EPA) has utilized the CRWA records to monitor and undertake 
regulatory actions under the National Pollutant Discharge Elimination System (NPDES). The 
NPDES allows the EPA to establish a Total Maximum Daily Load (TMDL) for contaminants such 
as phosphorus.  
Stantec is an international engineering, design and consulting company with offices in 
Boston, managing a variety of projects, from industrial and residential developments to airports, 
roads and sports facilities. One of these projects includes the redevelopment of a 30-acre 
commercial site owned by athenahealth, a cloud-based healthcare company, to be developed in the 
coming decade. The site is located in Watertown, MA, a town that lies just north of the Charles 
River. One aspect of Stantec’s contract for the redevelopment is a stormwater management plan. 
This management plan is especially important given the site’s location directly along the Charles 
River and Watertown’s proposed stormwater Management and Erosion Control Ordinance, a 
response to looming NPDES regulations.  
Today, Stantec is compiling comprehensive and site-specific information on the project’s 
phosphorus sources and concentrations in order to develop the most effective stormwater 
management plan. Stantec needs a centralized resource detailing best management practices and 
treatment techniques for stormwater management. This would allow its engineers and planners to 
more easily determine the most appropriate and cost-effective solutions. This resource would not 
only be useful for the athenahealth site, but also could be applied to future projects. As stringent 
environmental regulations loom in the future, Stantec must be prepared to address the influx of 
projects from potential clients in the Charles River Watershed region that focus on mitigation of 
stormwater pollutants such as phosphorus. 
This project is intended to support Stantec in developing an effective stormwater 
management plan for the athenahealth site through the design of a system dynamics model for 
stormwater flow at the site and an analysis of phosphorus treatment strategies and their 
applicability. The secondary goal of the project is to prepare Stantec for the future demand of 
phosphorus mitigation projects. Stantec’s aptitude for addressing new regulations for their projects 
will give them a competitive edge for gaining more clients and developing innovative stormwater 
management plans. The following sections of this report will give a brief background into the 
athenahealth site and best management practices for managing phosphorus pollution of stormwater 
as well as the methodology for how the team will gather phosphorus data and develop the models 
and tools used to improve the stormwater management plan of the athenahealth site. 
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2.0 Background 
The purpose of this section is to provide the reader with the background information 
necessary to understand the purpose and extent of this project and selected research methods. This 
report will discuss the following: an overview of the ecological and health concerns related to the 
Charles River and stormwater pollution, the history of the Arsenal on the Charles site and its 
management up to present day, and lastly a brief outline of current treatment techniques and 
prevention methods regarding phosphorus contamination. 
2.1 Overview of the Charles River 
The Charles River is an iconic feature to the Greater Boston region. From its source at Echo 
Lake in Hopkinton, the Charles meanders through 23 communities along a 70-mile course before 
it comes to an end at Boston Harbor, making it the longest river entirely in the Commonwealth 
(USGS, 2007; CRWA, 2015). Some 35 communities total make up the Charles River Watershed’s 
(CRW) three basins; the Lower, Middle, and Upper Charles River Watershed, with a total 
population of about 1 million (USGS, 2007). Not only is this region one of the top 10 most 
populated areas in New England, it is one of the oldest industrialized areas of the country, due in 
no small part to the Charles River being a source of fresh water and power for the early Boston 
Area. The City of Watertown stands at the entrance to the Lower Watershed, as shown in Figure 
1. The site being redeveloped for athenahealth lies directly adjacent to the river, roughly a mile 
downstream from the Watertown Dam. 
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Figure 1 Map of Lower Charles River Watershed 
The EPA is the permitting authority for all stormwater point source discharges in 
Massachusetts. Using the National Pollutants Discharge Elimination System (NPDES) Stormwater 
Program, the EPA regulates discharges from Municipal Separate Storm Sewer System (MS4s), 
construction activities, and industrial activities. Phase I of the stormwater program made the permit 
requirement mandatory nationwide for large MS4s in urban areas, some industrial activities, and 
large construction activities. Phase II extends the NPDES program to smaller MS4s in “urbanized 
areas”, requiring the affected municipalities to develop and implement control measures to identify 
and address the problems specific to each system. The stormwater drainage system of the 
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athenahealth site discharges directly to Watertown’s municipal system and subsequently to the 
Charles River. It is therefore crucial that stormwater runoff from the site have minimal discharge 
of pollutants, specifically nutrients such as phosphorus.  
The most notable effect of phosphorus pollution in the Charles River is eutrophication. 
Phosphorus is a nutrient that plants and biological organisms need to survive. In many natural 
aquatic systems, phosphorus is the limiting nutrient and its concentrations regulates the 
populations of microbial species (Michigan DEQ n.d.). 
Excessive phosphorus causes the populations of algae and cyanobacteria, bacteria that 
photosynthesizes, to increase exponentially. Growth of these populations can cause a blue-green 
film of algae to form and cover the surface of the water, which reduces the ability of other aquatic 
plants to photosynthesize. Figure 2 shows the physical impact of the growth of these organisms on 
a water body (NOAA, 2008.). 
 
 
Figure 2 Impacts of Eutrophication 
Eutrophication also affects the water source chemically. The biological decomposition of 
these organisms is a process that consumes oxygen and can lead to hypoxic water conditions 
(NOAA, 2008). The effect is that rapid algae and bacteria population blooms are succeeded by a 
rapid increase in mortality rates of native species. Almost every aquatic species needs dissolved 
oxygen to survive, so the hypoxic conditions caused by eutrophication further damage surface 
water ecosystems by increasing mortality rates of other organisms (NOAA, 2008). 
In addition to the environmental effects of phosphorus pollution, there are also significant 
socioeconomic impacts. The Charles River is not currently used as a drinking water source, due to 
the unfeasible high costs for extensive treatment. Because of pollution, water for the greater Boston 
area comes from up to 65 miles away in the state’s protected Quabbin and Wachusett Reservoirs 
(MWRA n.d.), which can be costly and inefficient. The Charles River could one day be a viable 
alternative source if its phosphorus pollution could be reduced. 
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Eutrophication also reduces the Charles River’s opportunities for recreation. Only 74% of 
the river is suitable for swimming today (CRWA, 2015) and seasonal recreational activities are 
often limited to boating. Historically, the river has had a lack of fish due to hypoxic conditions, so 
recreational fishing is only slowing making a reappearance (CRWA, 2015). 
2.2 Brief History of the Watertown Arsenal 
According to the history of the Arsenal on the Charles (2016), in 1816 the U.S. Army 
purchased 40 acres along the Charles River to develop a new regional arsenal as depicted in Figure 
3. The Watertown Arsenal was initially used for storing and maintaining artillery and ammunition, 
and featured just twelve brick and stone buildings serving as workshops, barracks, and storage. By 
the start of the Civil War, the Army had added 13 acres to the Arsenal, as well as new storehouses 
and a laboratory (The Arsenal on the Charles, 2016). The Arsenal became an important center of 
military production during the war, with the addition of a manufacturing complex, new officers’ 
quarters, and a three-story Commanding Officer’s mansion. At the end of the war, a natural gas 
works and small iron and brass foundry were built on the banks of the Charles.  
The history shows that in 1888, the Arsenal became the site of the Army’s new gun carriage 
manufacturing plant. This led to many buildings being updated for industrial use, as well as the 
addition of an erecting shop, carriage storehouse, as well as a number of guard-houses and an 
administration building. Between 1912 and 1922, the Arsenal (2016) saw significant and rapid 
growth due to the demands of World War I. During this period, 23 new buildings were constructed 
over 44 acres of previously undeveloped land, and 7 miles of railroad tracks were laid to connect 
the many industrial buildings (The Arsenal on the Charles, 2016). The Arsenal (2016) saw 
considerable growth during World War II, with the Army purchasing an additional 7 acres of 
abutting land. Following the war, the primary function of the Watertown Arsenal shifted from 
manufacturing towards research, and history reveals in 1959 the Army constructed an experimental 
nuclear reactor on the grounds.  
The Arsenal was officially closed in 1967; 55 acres were sold to the Watertown for 
commercial and residential development, and the remaining 37 acres was converted into the Army 
Material and Mechanics Research Center (AMMRC) (The Arsenal on the Charles, 2016). 
Extensive renovations were undertaken in order to create new laboratories and to increase energy 
efficiency. The AMMRC was closed in 1995 and the land underwent an extensive environmental 
cleanup by the Federal government for reuse (EPA, 2006), then redeveloped for commercial use 
with the addition of new roadways and a parking garage. The site was designated a National 
Historic District, and seven acres were transferred to Watertown, while the remaining 30 acres 
were sold to Harvard University in 2001, which were purchased by athenahealth in 2013 (The 
Arsenal on the Charles, 2016). 
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Figure 3 Progression of the Watertown Arsenal 1816-2015 (buildings in white were new additions at date shown) 
modified from The Arsenal on the Charles, 2016  
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2.3 Environmental Cleanup and Present Land Use of the Arsenal Site  
By the time of the official closure of the AMMRC in 1994, 48 acres of the site had been 
added to the EPA’s National Priorities List and deemed necessary for cleanup (EPA, 2006). The 
first remedial review of the contaminated soils and groundwater identified the presence of a 
number of hazardous substances at levels exceeding regulation. Such materials included metals, 
polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs), and pesticides 
(AMTL, 2002). Further remedial action was taken and by 2005 the site clean-up was complete. 
The Arsenal on the Charles site has since been undergoing extensive redevelopment to 
serve a range of purposes for commercial and community use. The property is now owned by 
athenahealth and is the location of their international headquarters (athenahealth, 2016). They have 
developed a vision to transform the site into a campus open to the community (The Arsenal on the 
Charles, 2016). The campus website (2016) shows that many of the building spaces have been 
rented out to a variety of organizations including restaurants, a local art and theatre company, a 
fitness club, a day care center, Harvard Business Publishing, a human service workers’ union, and 
others. The campus also offers free community services and events such as the Watertown Farmers 
Market, an outdoor summer concert series, bicycle workshops, food trucks programs, a 9-hole disc 
golf course, and more (The Arsenal on the Charles, 2016). With so much activity taking place and 
more to be expected, it is essential that the campus redevelopment creates an environment that is 
safe and functional, as well as being conducive to this dynamic human activity. 
One of the limiting factors to the site’s expanding use is a severe lack of on-site parking 
and unoccupied buildings. In the 10-year campus plan for the site, Stantec has proposed new office 
and retail facilities as well as a 1295-space parking garage. The ultimate increase to impervious 
surface area and urban runoff that would come with the development required Stantec to develop 
a Stormwater Report as part of the campus plan to reduce pollutant levels and flow of stormwater 
from the athenahealth site. 
2.4 Treatment Technologies for Phosphorus Removal 
In regards to stormwater management, Best Management Practices (BMPs) may include 
engineered control systems and devices, as well as practices and methods of operation, which are 
implemented to treat or prevent the contamination of stormwater. Table 1 describes the five 
common control measures for stormwater pollution, which specify various approaches to the 
selection of BMPs.  
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Table 1 Control measures for Reducing Phosphorus in Stormwater (EPA, 2007) 
Control 
Measure 
Description 
Public Education Educating the public to increase awareness of practices that cause phosphorus pollution is a 
key step for reducing nonpoint sources. 
Public 
Involvement 
Involving the community in runoff management helps people become more invested in 
protecting water sources from pollution. 
Illicit Discharge 
Detection and 
Elimination 
Illicit discharge is that which flows directly to storm drains. Auditing these sources and 
assisting operators with setting goals and education programs can reduce the quantity of illicit 
discharge contribution of phosphorus. 
Construction 
Site Runoff 
Control 
In construction, the primary source of phosphorus is the sediment. Dust control, erosion 
control and protection of stormwater drains can help reduce phosphorus pollution. 
Post-
Construction 
Runoff Control 
After construction, the new impervious area increases the quantity of runoff. Adding 
vegetation or zoning ordinances can help reduce the effect of this on water supply. 
 
 Many of the BMP’s listed in Table 1 are behavioral or operational changes that reduce 
direct contamination of stormwater and the volume of untreated stormwater from reaching the 
ecosystem. This project’s focus is on reducing phosphorus pollution in the built environment and 
the primary means to do so is through implementation of stormwater treatment techniques and 
technologies that extend into the post-construction phase of a site. Thus, for the remainder of our 
analysis, we will focus on techniques and technologies used in post-construction runoff control 
and stormwater management. 
There is a widely diverse range of treatment technologies on the market today for 
stormwater management and treatment. The following sections give a description of the 
technologies available in order to differentiate the treatment mechanisms involved and their 
influence on phosphorus. Each treatment technology also has benefits that go beyond the treatment 
and removal or phosphorus, which may be discussed in brief.  
2.4.1 Retention Systems 
Retention systems are spaces used to hold stormwater for treatment. As a treatment 
technique, retention systems allow constituents to settle out, and the treated water can evaporate 
or be discharged. Specifics of retention systems vary in size and application. Ponds and wetlands 
are often used as a tertiary treatment system and are best fit for areas with available space as well 
as a demand for aesthetic benefits and recreational space. These types of water bodies are often 
categorized as “wet” retention, indicating that the space is for permanent water storage (NSW 
1997). 
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Other retention systems are used to hold stormwater during storm events to reduce runoff 
quantity. These retention units are more likely to be a temporary water body for short-term water 
storage, known as “dry” retention (NSW 1997).  
2.4.2 Buffers & Natural Features 
There are a number of ways to use vegetation on a site for stormwater management. Below 
are four examples of vegetative, natural features commonly used for stormwater treatment (NSW, 
1997): 
● Buffers: Vegetation around the border of a site or body of water  
● Filter strips: Patches of vegetation on the interior of a site 
● Swales: Vegetated trenches on the outskirts or interior of a site 
● Constructed wetlands: Wet retention with major portion of surface area containing 
wetland vegetation. 
 
All of these techniques can serve three purposes for stormwater management: preventing 
stormwater from moving off-site, slowing the rate that runoff travels off-site, and allowing some 
or all of the stormwater to infiltrate and/or naturally be filtered by the vegetation. These techniques 
can vary widely in their design, due to the range of options for vegetation type and dimensions.  
2.4.3 Infiltration 
Infiltration is a means of treatment that allows stormwater to naturally infiltrate into the 
groundwater rather than discharging to a surface water body. Contaminants are captured by the 
soil as it permeates through until it reaches the groundwater level or through uptake by vegetation 
and microorganisms. Infiltration occurs naturally in soils, but a variety of techniques can be 
implemented to improve infiltration components of stormwater management systems. 
Some engineered technologies such as trenches and diversions are designed to improve the 
rate of natural infiltration. These trenches are shallowly excavated areas that are lined with gravel. 
This design allows the trench to store more stormwater and the gravel lining facilitates faster 
infiltration (Minnesota Stormwater Plan, 2014). 
Aside from natural infiltration through soil, a site can utilize alternative materials for 
infiltration. Porous pavement, which may include porous asphalt, concrete or permeable 
interlocking pavers are newly popularized technologies that allow stormwater to drain through 
paved surfaces that would normally be impervious into a gravel reservoir for infiltration storage 
and discharge. These materials are best implemented in low-traffic areas with low risk of 
hazardous material spillage. This limitation is because one hindrance of these materials is their 
ability to contribute to groundwater contamination in the event of a spill (Minnesota Stormwater 
Plan, 2005).  
It is also common for sites to utilize a network of underground pipes to capture stormwater 
to reduce runoff. These systems store the stormwater and allow it to infiltrate slowly into 
groundwater or discharge to local systems over a longer period of time.  
2.4.4 Filtration 
Filtration is the physical process of separation. In water treatment specifically it is the 
separation of contaminants from the water being treated. The two main types of filtration are 
surface filtration, wherein contaminants are collected at a surface, and depth filtration, which 
collects contaminants within and throughout the filter media (Droste, 1996). Screens and 
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membranes are examples of surface filtration, and are particularly useful if the contaminant 
particles, or residue, are to be collected after filtration. One drawback to this method is that surface 
filters are prone to clogging due to buildup of residual particles. Depth filtration is much more 
resistant to clogging because of the number and distribution of the pores throughout the depth of 
the filter. However, this method does not allow for collection of residue. In both types of filtration, 
pore size is the most important design variable. There are countless varieties and functions of 
filtration, and it is usually used in combination, or as part of, other treatment processes. 
The process of granular media filtration is fairly simple; it involves directing the water to 
be treated (feed) through some volume of individual solid particles, where contaminants are 
retained and removed, allowing the treated water (filtrate) to exit the opposite end for use or further 
treatment. The pore sizes between granules determines the minimum size of particles and other 
contaminants that can be removed. The filtration medium may be sand, gravel, charcoal, ceramic, 
metal, synthetic material, or a combination of two or many different media. In water treatment, 
filters are often built as columns with water flowing downward and driven by gravity, but the 
process may also be pressure-driven. 
Although filtration is the mechanism for the removal of larger particles, there is often some 
degree of adsorption of smaller contaminants, suspended solids, or oil involved, which increases 
the effectiveness of treatment (Droste, 1996). Adsorption is simply the adherence of particles to 
the filtration media caused by surface charge. While this process is not itself filtration, it does play 
a significant role in treatment technologies that are broadly considered granular media filtration. 
Coagulants may also be utilized to induce the flocculation of particles into larger units, called 
‘flocs’, that may then be caught by the filter media. Erickson et al. (2007) tested the effectiveness 
of sand, enhanced with a variety of substances, at removing phosphorus (dissolved and total) from 
stormwater.  
2.4.5 Bioretention Systems 
Bioretention systems are a hybrid form of stormwater management involving retention, 
filtration and infiltration. These systems are composed of vegetation rooted in multiple layers of 
media, often including mulch, an engineered soil media, and a gravel reservoir. Sometimes, 
additional additives are included in the soil media mix, such as aluminum or iron oxide, to improve 
pollutant removal rates. These systems are implemented in small depressional areas in or adjacent 
to the drainage network, for example, along a curbline to treat stormwater runoff from roads and 
paved surfaces. 
Bioretention comes in both proprietary and nonproprietary variants, with similar pollutant 
removal capabilities. Non-proprietary variants specify use of common aggregates and construction 
materials, and are specific in numerous local and regional design publications. Proprietary variants 
often include some specialized media to enhance removal, often including higher flow media with 
additives to reduce the footprint. Some proprietary systems include specialized internal or external 
bypass mechanisms to allow larger flow events to bypass the facility. The Filterra® Box and 
DeepRoot® Silva Cell® are two examples of proprietary bioretention units. Stormwater drains to 
these units, is filtered by the vegetation and media, and then discharged to a stormwater pipe 
beneath the system. These systems can be installed in multiple different configurations for 
different applications. One main benefit of these technologies is that maintenance of the systems 
is fairly simple and periodic. Routine maintenance procedures may involve the removal of debris 
and the top layer of mulch, and the replacement of new mulch (Contech Engineered Solutions 
2016). 
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Figure 4 Filterra® Box Diagram (courtesy of Filterra) 
Another example of a bioretention system is a rain garden. A rain garden is a shallowly 
excavated bed of plants that provides aesthetic value and stormwater management. Rain gardens 
are typically installed near a stormwater management feature such as a catch basin, because they 
can slow the rate of runoff to the catch basin, and naturally infiltrate some of the stormwater (Rain 
Garden Network, 2016).  
One disadvantage of these systems is that if they are not maintained properly, the decayed 
plant material in the unit can actually increase the quantity of phosphorus in the stormwater that 
goes through the system because this material is high in phosphorus (New York City 
Environmental Protection n.d.). 
2.4.6 Hydrodynamic Separators 
Hydrodynamic separators (HDS) are structures designed to exploit the energy and physics 
of flowing water to remove a variety of pollutants and sediment from stormwater. HDS systems 
are effective at removing trash and debris, sediment, floatables and other larger pollutants; they 
are not effective in the removal of smaller particles, particles that do not settle, or dissolved 
pollutants. HDS systems are ‘flow-through’ systems that can be incorporated into existing 
stormwater systems, and are therefore desirable where space is limited, or where there is a 
significant amount of stormwater pollution. Some systems remove pollutants through indirect 
filtration, which does not disturb the flow of water but simply diverts large particulates, trash, and 
debris into a separate collection area. This method of indirect filtration is often referred to as 
continuous deflective separation (CDS). 
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Figure 5 AquaShield™ Aqua-Swirl™ Concentrator (courtesy of AquaShield) 
Most HDS systems, such as the AquaShield™ Aqua-Swirl™ depicted in Figure 5, redirect 
the stormwater flow, usually into a vortex motion, in such a way that allows for a higher degree of 
separation of pollutants and water. The swirl action of the stormwater causes heavier particles, 
trash and debris, as well as oil and grease, to drop down into a collection basin, and the water to 
flow along the screened walls of the cylindrical tank. This screen separates the water from the 
solids, and directs the effluent out to subsequent drainage or treatment systems. Many HDS 
systems combine multiple systems and physical treatment methods in order to optimize separation. 
Such methods of physical treatment may include a series of tanks to compartmentalize treatment 
steps, baffle walls to contain floating pollutants, oil chambers, or flow control chambers to reduce 
forces that cause resuspension and washout (EPA, 1999). 
 
2.4.7 Chemical Treatment 
In some situations, stormwater can be treated using chemical reactions. These chemical 
processes are similar in that they all involve a chemical additive, coagulation and flocculation, 
followed by settling. Because of this, chemical treatment techniques are often used in conjunction 
with processes targeted to remove total suspended solids.  
The three most common chemical additives are aluminum, calcium and iron. Aluminum 
and iron are commonly used substances for wastewater treatment and have a long history with 
removing suspended particles and nutrients. Below is a description of each chemical reaction 
(Lenntech 2016). 
● Aluminum: An aluminum sulfate solution (also known as alum) is injected into 
stormwater, causing the phosphorus to convert into aluminum phosphate in the 
reaction: Al3+ + HPO43- → AlPO4 +H+. The aluminum phosphate binds to other 
particles and settles out, reducing concentrations of phosphorus in runoff.  
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● Calcium: Calcium is usually added in the form of Ca(OH)2, commonly known as 
lime. Lime undergoes a two-step chemical process to reduce phosphorus: first, lime 
is converted to calcium carbonate in a reaction with stormwater. Then, the calcium 
reacts with phosphorus to produce a form of phosphorus that will settle out: 10Ca2+ 
+ 6PO43- + 2OH- → Ca10(PO4)6(OH)2. 
● Iron: Iron is usually added to stormwater runoff in the form of ferric chloride 
(FeCl3) or ferric sulphate (Fe2(SO4)3). These ions react with phosphorus to produce 
ferric phosphate, which settles out of stormwater. The general reaction for this 
process is: Fe3+ +HPO43-→ FePO4 +H+. 
 
2.4.8 Advanced Stormwater Treatment Systems 
One method of effective stormwater treatment is the use of advanced stormwater treatment 
systems, which include a combination of individual treatment technologies. These engineered 
systems often combine the principles of physical, chemical, hydrodynamic and filtration treatment 
for more efficient removal of pollutants.  
The Bio Clean Environmental® Water Polisher is a unit that is installed downstream of a 
stormwater detention unit. Stormwater undergoes settling in a sediment chamber, filtration through 
sorptive media, and a built-in pre-treatment unit (BioClean, 2016).  
The Bio Clean Environmental® Water Polisher can be installed in conjunction with another 
technology called the Nutrient Separating Baffle Box® by Suntree Technologies for improved 
treatment. The Nutrient Separating Baffle Box® utilizes hydrodynamic separation and screening 
to remove primarily leaves and other natural debris high in phosphorus content. These systems are 
also installed underground along a stormwater collection pipe (Smith 2007). 
The Imbrium® Stormceptor® is an advanced treatment system that is installed directly 
below a stormwater catch basin. This unit utilizes technologies such as oil & grit separation, 
sedimentation, and screening to treat stormwater. In these systems, stormwater flows into a 
chamber that manages its flow rate through the weir. It then flows through the weir and control 
pipe into the lower chamber, where constituents are settled out or floated out in the absence of 
turbulence (Imbrium 2016). 
Another advanced treatment technology is the Environment 21 V2B1. This system is 
composed of two concrete units that stormwater flows through. The first unit creates a circular 
flow pattern that enables particles to settle out of the stormwater. Stormwater then flows to the 
second unit, a non-turbulent chamber with a baffle to remove floating contaminants and finer 
debris (environment21, n.d.). 
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3.0 Methodology 
The purpose of this project was to improve the stormwater management plan for the 
athenahealth site through design and analysis of a system dynamics model for stormwater flow 
and the investigation of the most appropriate phosphorus treatment strategies.  
The project methodology was twofold: to gain a comprehensive understanding of 
phosphorus and stormwater at the athenahealth site, and to identify ways to improve the 
athenahealth stormwater plan for improvement management of phosphorus in stormwater. We 
accomplished these two overarching directives through the following objectives: 
1. Review Stantec’s campus plan for the athenahealth redevelopment 
2. Establish a phosphorus inventory for the athenahealth redevelopment site 
3. Conduct an analysis of the site’s stormwater 
4. Conduct a cost-benefit analysis for stormwater treatment techniques  
5. Design a system dynamics model of phosphorus from stormwater runoff at the 
athenahealth site 
6. Propose recommendations to the campus plan for improving stormwater management  
This chapter will describe the approach to research, analysis methods, and implementation 
steps of each objective. These objectives are intended to be repeatable for other sites so that they 
may be applied to Stantec’s future projects requiring phosphorus treatment or stormwater 
management. The results and findings from the completion of these objectives will be presented 
in the following chapter. A copy of the team’s project proposal can be found in Appendix A.  
3.1 Review Stantec’s campus plan for the athenahealth Redevelopment 
As a part of Stantec’s contract for the athenahealth site, the company was required to submit 
a campus plan to the city of Watertown for approval. This campus plan for the redevelopment was 
a comprehensive document with all proposed changes to the site and their effects. We reviewed 
the campus plan in its entirety, seeking information specifically on: 
 
● Existing stormwater runoff data 
● Existing stormwater runoff management techniques 
● Proposed changes to the site 
● Effects of proposed changes on stormwater runoff data 
 
This information was important because it gave us baseline information for the existing 
site, as well as data for the proposed changes to the site. We needed to input this information into 
our system dynamics model in order to evaluate how the redevelopment could affect phosphorus 
concentrations of discharge to the Charles River, as well as how the proposed stormwater runoff 
plan could be improved. 
The limitation of this objective was the potential for the proposed redevelopment to change. 
A city’s board requires time and review to approve or deny a campus plan, and likewise, Stantec 
needs time to redraft the campus plan if needed. Additionally, oftentimes campus plans are 
developed on such a grand scale that the specific details of the site’s plan are not finalized until 
much later in the preparation process. During our seven-week project term, we were able to make 
necessary changes to the system dynamics model following Stantec’s revisions and changes to the 
campus plan. However, it is fairly likely that the plan could continue to change after we finished 
the term, and those changes would not be reflected in our system dynamics model. 
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3.2  Phosphorus Inventory at the athenahealth Site   
The knowledge the team hoped to gain from this objective was an inventory of all 
phosphorus sources within the athenahealth site. This information was useful for both the 
development of the system dynamics model and the determination of best-fit treatment 
technologies for the site.  
An environmental inventory is a quantitative, comprehensive listing of activities and 
sources of a constituent (Sturm, n.d.). We conducted research, site visits and calculations in order 
to develop the complete inventory of phosphorus sources in stormwater runoff. 
To identify sources of phosphorus pollution at the site, we first researched the different 
venues within this commercial location, as well as what services or products they provide. Among 
those services, products, or manufacturing processes, we determined that could involve 
phosphorus pollution of the stormwater. We also compiled information on phosphorus that could 
be found naturally or deposited with commercial land use. 
After compiling the phosphorus sources, we conducted visits to the athenahealth site on 
January 25th, 2016 and February 3rd, 2016. During these visits, we sought to verify our existing 
phosphorus inventory, and add or remove any sources as needed.  
For each of the sources on the finalized list, we conducted a literature review to find 
estimates of loading rates or estimated concentrations to gauge which sources have the greatest 
potential to contaminate stormwater. 
In addition to collecting a list of sources and their potential loading rates, our inventory 
also included a calculation of the estimated loading rate for the site as a whole using only land use 
and area data. For this calculations, the team utilized the EPA’s Draft General Permit “Method to 
Calculate Annual Phosphorus Load” for residual designated discharges in Milford, Bellingham 
and Franklin, MA. The loading rates for each land use in these towns are found in Table 2. 
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Table 2 Loading rates for land uses near Watertown, MA 
 
 These values were calculated in the equation below with the areas for each land use type 
at athenahealth to calculate the total phosphorus loading. 
 
 
 
The limitation of this calculation was that the data in Table 2 applies to municipalities that 
lie approximately 30 miles southwest of Watertown. 
3.3  Stormwater Analysis 
The goal of this objective was to determine the phosphorus loading in the stormwater 
runoff at the athenahealth site. To do this, we collected samples on-site during a storm event, and 
conducted laboratory analyses to test for total soluble phosphorus (TSP) and total phosphorus (TP).  
The EPA states that the four factors for valid environmental data are sample collection, 
sample preservation, analyses, and recording (1982). In preparation for sampling and throughout 
the collection and testing process, we referenced the United States Geological Survey’s (USGS) 
National Field Manual for the Collection of Water-Quality Data (2015) to ensure that our methods 
for each of these steps of the phosphorus analysis were valid.  
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3.3.1 Sample Collection & Preservation 
Sampling was conducted such that the testing would result in a valid representation of the 
site’s surfaces. The EPA defines a “representative point” as a location in process waters or 
wastewaters where specific conditions or parameters are measured that adequately reflect the 
actual conditions of those waters or wastewaters (1982). To define which representative points to 
use, we first conducted a site visit to identify distinct surface types at the site and potential sampling 
locations for each surface type that would allow for collection of a homogenous sample from a 
point with good flow. 
The first part of sample collection was to determine the sample locations, as well as the 
number of samples and frequency of sampling. We ultimately decided to sample four different 
locations, and to collect three samples per location throughout the duration of the storm. This 
number was determined because it was a feasible amount for collection during the storm event and 
testing the follow day. A description of each of the four sample locations can be found in Table 3. 
These four particular samples were selected for their range of catchment surface material and use. 
The purpose of this selection was to gain the most comprehensive understanding of phosphorus 
loading onsite.  
Table 3 Description of Samples 
Sample Sample Point Catchment Surface Material & Use 
1 Catch basin of parking lot Asphalt, high automobile volume 
2 Parking garage swale Concrete, high automobile volume 
3 Gutter of building 313 Asphalt shingle roof 
4 Gutter of building 37 Metal roof 
 
Sampling took place in wet weather, on February 3rd, 2016. In total, twelve 250 mL 
samples were collected in watertight plastic bottles using manual grab sample techniques. Grab 
samples generally pose some risks of inconsistencies or variability in sampling. Additionally, 
sample handling and preservation prior to collection can affect a sample’s validity. These 
considerations were addressed to the best of our ability. We conducted the following steps to 
collect the most valid samples: 
1. Prior to sampling, sample bottles were inspected and decontaminated using a 20% 
nitric acid solution and purified water. 
2. Gloves were worn by the sampler at all times when handling the sample bottle. 
3. Grab samples were collected and handled by the same team-member. 
4. Samples were clearly labeled on waterproof paper with pertinent information, 
including the project ID, sample ID, date, time, names of samplers, and names of 
project advisors. 
5. A field data sheet was used to collect information about each sampling event, as 
well as observations. 
6. Samples were placed in an insulated cooler packed with ice at 40°F immediately 
following collection. 
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Figure 6 is an image of the second sampling events at the parking garage drainage outlet 
to the swale, and the gutters of buildings 313 and 37. 
 
 
 
Figure 6 Stormwater sample collection at locations 2, 3 and 4 
Additionally, an EasyLog rain gauge was set up and used to record flow data during the 
storm event with an EasyLog USB. The gauge was mounted to a stand and weighted for stability. 
We established the gauge on a flat surface, which was verified with the gauge's balance meter. A 
sign with contact information was posted to ensure minimal disturbance of the data collection. A 
photo of the device can be found in figure 7. 
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Figure 7 Rain gauge set up on site 
The data from the USB was then uploaded into EasyLogGraph for analysis following the 
stormwater event. 
3.3.2 Phosphorus Analysis 
Total Phosphorus (TP) and Total dissolved Phosphorus (TDP) concentrations were found 
through a digestion process according to a WPI method similar to Standard Method 4500-P. B.4 
followed by spectrophotometric analysis using a Hach® DR3900 Benchtop VIS 
Spectrophotometer. The methods for determining TP and TDP concentrations were nearly 
identical, the only difference being that the samples to be tested for TDP were filtered through a 
0.45 μm microfilter prior to digestion. This can be seen in Figure 8. 
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Figure 8 Stormwater sample being filtered for TDP testing 
Digestion of organic phosphorus was required in order to accurately measure phosphorus 
concentrations in the samples. This process was done by adding 5 mL of nitric acid (HNO3) 
followed by 1 mL of sulfuric acid (H2SO4) to beakers containing 25 mL of each stormwater 
sample, and evaporating the samples on a hot plate as shown in Figure 9. After all samples were 
digested sufficiently, they were titrated with sodium hydroxide. For each sample, what volume of 
liquid that remained in the beaker after evaporation was transferred to a 25 mL cell. Beakers were 
rinsed with reagent water to ensure all phosphorus was transferred to the cell. Next, a single drop 
of an indicator, phenolphthalein (C20H14O4), was added to the cell. Samples were then titrated with 
sodium hydroxide (NaOH) using a plastic pipette until full color change was observed. The cell 
was then filled to 25 mL with reagent water as well as 1 mL of ammonium molybdate 
((NH4)3PMo12O40) to neutralize the solution and yield the precipitate phosphomolybdate. This 
reaction was timed at three minutes and the cell was immediately placed into the 
spectrophotometer and absorbance was measured. Figure 10 shows a cell of a stormwater sample 
after titration. 
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Figure 9 A sample, blank, and standard on hotplate; (right): Titrated samples in spectrophotometer cells 
In addition to the twelve samples collected on-site, a ‘blank’ of pure water and four 
standards (0.1, 0.5, 1.0, and 3.0 ppm P) were also analyzed in order to determine the relationship 
between absorbance and phosphorus concentration.  
From the standard absorbance relation, the absorbance readings for each sample were 
converted to TP and TDP concentration in mg/L. The phosphate concentration (P-PO4-3) of each 
sample was also calculated by multiplying TP concentration by relative molar mass of 
orthophosphate to elemental phosphorus (95/31).  
3.3.3 Data Recording 
To ensure that all data recorded accurately reflected the sample composition, we diligently 
took field observations during site visits and sampling. Additionally, all steps of the laboratory 
analysis methodology were recorded in a lab notebook. Notes and results were recorded in a 
laboratory notebook during each step of the procedure, and reviewed by each member of the team. 
3.3.4 Rain Data Analysis 
The EasyLog USB data logger measures rainfall by counting the number of ‘events’ 
recorded in each ‘time period’. In the case the rain gauge, the ‘events’ are simply the relay activated 
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each time the equivalent of 0.01” of rainfall is collected. The ‘time period’ can be set to a specific 
length of time, which for this project was five minutes. Using the rain gauge, we could therefore 
measure the amount of rain that fell throughout the storm in increments of five minutes time and 
0.01 inch accumulated rainfall. The team then calculated the total (cumulative) amount of rain that 
had fallen prior to each defined ‘time period’, in order to produce a hydrograph to compare 
phosphorus data of the samples collected during the same time period. 
3.3.5 Limitations 
The primary limitations for this objective were the constraints of sampling due to weather 
and time. This bulk of the project work was performed during the months of January and February, 
when liquid precipitation in Massachusetts was uncommon. Ideally, we would have liked to 
sample on at least 2 distinct storm events to gain the best distribution of sampling and not be 
limited by our sample size. However, our site visits were limited to days with predicted rainfall or 
a rise in temperature high enough for the snow to melt. Additionally, time was a major limitation 
in gathering comprehensive data. Our project timeline did not allow for us to gather additional 
samples during the stormwater event for lab testing over multiple days. We addressed these 
limitations to the best of our ability by selecting sampling locations that were the most 
representative of the site as a whole and the materials that compose it. 
The other limitation of the sampling was our inability to gather flow data at each sampling 
point. We did not have access to the EPA-recommended equipment to use for collecting flow data. 
To address this, we utilized the EasyLog rain gauge and data on the catchment areas of each sample 
point to calculate and estimated flow value.  
Lastly, our hydrograph was limited by the time of sampling. The team set up the rain gauge 
prior to the storm’s beginning, however, it had to be deconstructed prior to the storm’s end. To 
address this, data was gathered for the full storm from a weather station near Logan Airport. The 
storm data was compared for accuracy, and the missing rainfall data from the rain gauge was 
extrapolated using the Logan weather station rainfall data. 
3.4  Cost-benefit Analysis of Treatment Technologies 
Traditional cost-benefit analysis (CBA) is a widely used tool for selecting technologies or 
methods from a range of possible options. We used a CBA to systematically and quantitatively 
compare various phosphorus treatment technologies for their application on the athenahealth site. 
We conducted the following steps to perform the CBA (Broadman, 2006): 
 
1. List alternative treatment technologies, systems, devices and methods for the 
removal of phosphorus from stormwater 
2. Measure all of the costs/benefits of each alternative and predict the outcomes of all 
costs/benefits over time 
3. Convert all costs/benefits into a common unit or ‘currency’ 
4. Calculate the net value in the common unit of each alternative 
5. Recommend the best alternative(s) for implementation  
 
The common unit that we used to compare treatment technologies and methods for the 
removal of phosphorus from stormwater was the Net Present Cost (NPC), in terms of 2015 dollars, 
of each alternative to remove an equivalent weight (pound) of phosphorus from polluted 
stormwater. The total cost of each alternative included the capital costs for developing and 
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installing the necessary infrastructure, the costs of operating and maintaining the necessary 
equipment as well as labor costs. 
While the CBA is an effective tool for comparing monetary value of possible alternatives, 
its primary limitation is that it generally ignores the costs and benefits to outside entities and 
primarily serves the stakeholders. That is, a CBA is used by a company to evaluate technology 
alternatives analyzes the total costs and benefits to the company. Stormwater pollution is a 
problem, which is part of, and affects, many complex and interrelated types of systems: 
environmental, ecological, geographical, economic, political, societal, engineered systems (e.g. 
drainage networks and treatment facilities), etc. This complexity requires an approach that goes 
beyond a traditional CBA and avoids the kinds of short-sighted decisions that often result from a 
general lack of systems thinking.  
An excel spreadsheet was utilized for the CBA calculations for the 20 different Treatment 
Techniques/ Technologies (TT) for treating stormwater influent for phosphorus removal. 
  
3.4.1 Net Present Value of Treatment Techniques (TT) 
While gathering cost data for each TT from manufacturer, governmental, and independent 
research, capital and maintenance costs were given in dollar values of past years, thus they were 
equated in terms of 2015 dollars using Consumer Price Index (CPI) for the Boston Area from 
2000-2015 taken from data provided by the Bureau of Labor Statistics. The CPI is a measure of 
the change in cost for a set group of goods from a base year and has long been used for time-
variant economic analysis. The equation below outlines the process for calculating the value of a 
TT from one year to another using the CPI: 
 
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟 × 𝐶𝐶𝐶𝐶𝐶𝐶𝑝𝑝𝑟𝑟𝑟𝑟𝑝𝑝𝑟𝑟𝑝𝑝𝑝𝑝𝐶𝐶𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟 = 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑝𝑝𝑝𝑝𝑟𝑟𝑎𝑎 
 
The adjusted capital and maintenance costs is presented to the highest $10 to account for rounding 
in the calculations. 
 
After adjusting the capital and maintenance costs to be in term of 2015 dollars, the Net 
Present Cost (NPC) of each TT was calculated. NPC is an equivalent cost of the TT capital, 
maintenance, and repair/replacement costs for a site’s lifetime if everything was to be paid for with 
the present value of the dollar. The NPC was calculated using the equation below: 
 
 NPCTT=𝐶𝐶𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑝𝑝𝑝𝑝𝑟𝑟𝑎𝑎 + 𝑀𝑀𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑝𝑝𝑝𝑝𝑟𝑟𝑎𝑎 × 𝐿𝐿𝐿𝐿 + 𝐹𝐹𝐹𝐹𝐹𝐹(1+𝑖𝑖)𝑛𝑛 
where: 
● NPCTT is the net-present cost of a given treatment technology (TT) 
● CC is the adjusted Capital Cost of the TT  
● MC is the adjusted annual Maintenance Cost for each TT 
● LS is the expected useful lifespan of the TT before repair/replacement 
● FRC is the Future Repair/Replacement Cost of the TT at the end of its useful 
lifecycle 
● i is the discount/inflation rate, assumed to be 3% for our calculations  
● n is the year to the future cost, which will be the design length of the site at 25 and 
50 years. 
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The NPC is presented to the highest $100 due to rounding in the calculations. 
 
Using the calculated NPC, the value per pound of phosphorus removed by each TT was 
calculated from reported treatment efficiencies and volumes, the typical phosphorus concentration 
of the stormwater, and a reduction due to potential infiltration on the site.  
 
3.4.2. Phosphorus Loading and Removal  
Phosphorus stormwater loading on site was estimated by a combination of research and 
site-sampling analysis. The team researched phosphorus loading for the site’s soil by utilizing 
sources with data on similar commercial locations in the area. The Nationwide Urban Runoff 
Program (NURP) by the US EPA Water Planning Division in 1983, provided the best estimates 
for phosphorus concentrations in stormwater. The NURP analyzed 28 locations across the nation 
to estimate contaminant concentrations in stormwater for planning purposes (USEPA, 1983). Two 
of these sites were in Massachusetts at Lake Quinsigamond and the Upper Mystic Lake, both 
within the Boston Area (USEPA, 1983). Though outdated, the total and soluble phosphorus 
analysis from these two sites provide plausible phosphorus ranges, which we compared to the on-
site sampling results.  
The average phosphorus removal efficiency for each TT was found through a series of 
research and investigations utilizing published scientific reports by various researchers such as the 
University of New Hampshire Stormwater Center and the University of Toronto as well as 
manufacturer’s data. Manufacturer’s data was especially critiqued for potential bias to report 
higher efficiencies for sales purposes and these efficiencies were compared to third party results 
when available. The typical site phosphorus loading was determined by: 
 
1. estimates from scientific reports investigating phosphorus in stormwater in the 
New England region in a similar commercial/industrial area 
2. on-site stormwater testing as outlined in Section 3.3 
 
The efficiency was assumed to be consistent throughout the TT lifecycle given proper maintenance 
and applied only to the annual runoff volume passing through the treatment process.  
3.4.3. Constraints for Cost Estimates and P-Removal our Sources 
The capital and annual maintenance costs TT's were determined by estimates given from a 
variety of sources. The sources included national as well as international estimates for LID and 
engineered methods of stormwater management. Resources will be discussed briefly to identify 
their individual constraints for our analysis. 
 The Canadian Assessment of Lifecycle Costs for Low Impact Development Stormwater 
Management Practices (Toronto and Region Conservation (TRC) & University of Toronto (UOT), 
2013) provided a holistic analysis on the entire lifecycle costs for several BMP’s in our report. In 
their analysis, they used approximately a 2000 m2 (~1/2 acre) area with a minimum 1-inch design 
storm for the holding capacity of the LID methods analyzed in the report (TRC and OUT, 2013). 
Also, cost values in the report are in terms of the Canadian Dollar (CAD), which had an average 
exchange rate of 1 CAD to .9694 USD during 2010 when the costs were determined (Bank of 
Canada, 2016). The exchange rate is accounted for in the following tabulated values. It is also 
noted that Canadian costs estimates are and average 18% higher than those of the US according to 
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RSMeans and was noted in the TRC and UOT’s report (2013). The areas specified by TRC and 
UOT indicate the maximum treatment area each treatment methods can be applied to using the 
reported values (2013).  
From the NURP report provided maintenance cost estimates from studies completed 
between 2009 and 2012 as well as some important regional data for maintenance frequency. From 
the NURP, the NE Coastal zone, which includes much of New England and specifically the 
Arsenal Site, requires high maintenance due to the relatively high average rainfall of 37.59 in/year 
and an estimated load of 136,452 cf/acre of stormwater runoff annually (NURP, 2014). This was 
an important distinction as the maintenance costs relate to events, increasing in frequency with the 
volume and contaminant concentration if the stormwater. In the NURP, three categories of low, 
medium, and high maintenance costs were reported for each BMP, and from the NE Coastal zone 
conditions, the high maintenance frequency costs were selected for our analysis of the Arsenal site 
(NURP, 2014).  
The UNHSC cost estimates are from recorded costs from their test stormwater management 
systems. The capital costs were reported in the year of installation in the various reports as well as 
in 2012 dollars tabulated in the 2012 Biennial Report (UNHSC, 2012). Maintenance costs were 
estimated from a graphical format in 2012 Biennial Report when available as well as tabulated 
estimates for select treatment methods in the same report (2012). The treatment area for the 
stormwater management practices was commonly 1 acre in the three reports, and as such, formed 
the basis for comparison and sizing for various engineered technologies to ease analysis (UNHSC, 
2005; UNHSC, 2010; UNHSC, 2012).  
Lastly, estimates were also taken from Weiss et al’s 2005 analysis on the Cost and 
Effectiveness of Stormwater Management Practices. Weiss et al reports the unit maintenance costs 
for stormwater methods based on water design quality volume, effectively including the economics 
of scale in the maintenance estimates (Weiss et al, 2005). For our analysis, the design water quality 
volumes of 3630 cf, the equivalent of 1 acre-in of stormwater, was used to estimate the 
maintenance costs for the various methods as it was a common design volume in the UNHSC 
reports. This design volume eased comparative analysis of maintenance costs for individual 
treatment methods to estimate and average value from the various aforementioned reports. 
3.4.4. Annual Stormwater Analysis 
The total weight of phosphorus removed by each TT was calculated by multiplying the 
standard concentration of phosphorus in the stormwater (found in section 3.4.2) by the removal 
efficiency of the TT and the predicted annual stormwater volume treated on site. The annual 
stormwater volume was estimated by compiling event-based estimates using TR-55 methodology 
for daily observed rainfall totals.  
Daily rainfall observational data was provided by the National Oceanic and Atmospheric 
Administration’s (NOAA) National Centers for Environmental Information (NCEI), formerly 
known as the National Climatic Data Center (NCDC). The NCEI records weather observations 
and compiles them for academic and professional research purposes, providing the data at request. 
Daily rainfall summaries were estimated from the Brighton .5 W, MA US Station approximately 
1.4 miles from the Arsenal site, as shown in Figure 10.  
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Figure 10 Brighton Station in relation to the Arsenal Site 
Precipitation records for the site cover 85% of dates since August 3rd of 2011 to the 
present. Due to the proximity to the site, the span of the recorded data, and the lack of other 
viable stations in the area for our project’s purpose, the 15% deficiency in data was an acceptable 
condition for our analysis. We chose to limit our analysis to the four complete calendar year’s 
worth of data available in the dataset, 2012-2015. Snowfall depth and snow precipitation were 
recorded at various points in the dataset, but the variability in the records would not permit an 
accurate analysis to be completed.  
 From the daily observational records, we used TR-55 methodology to estimate the runoff 
volumes for the Arsenal site. The USDA’s Natural Resource Conservation Service Technical 
Release 55 (NRCS TR-55): Urban Hydrology for Small Watersheds, hereafter referred as TR-55, 
provides the basis for runoff analysis through several different methodologies. For our project, 
the Soil Conservation Service (SCS) runoff curve number (CN) method and the associated 
equations allows simple calculation of the runoff depth per rain event. These equations are 
provided below: 
𝑄𝑄 = (𝑃𝑃−𝐼𝐼𝑎𝑎)2(𝑃𝑃−𝐼𝐼𝑎𝑎)+𝑆𝑆  and  𝐶𝐶𝑎𝑎 = 0.2𝐿𝐿 
Therefore: 𝑄𝑄 = (𝑃𝑃−0.2𝑆𝑆)2(𝑃𝑃+0.8𝑆𝑆)    and  𝐿𝐿 = 1000𝐹𝐹𝐶𝐶 − 10 
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Where:  
• Q = runoff (in) 
• P = rainfall (in) 
• S  = potential maximum retention after runoff begins (in)  
• Ia = initial abstraction 
 
 *Equations (USDA, 1986) 
 
For our calculations, each daily observation will be treated as a single rain event. The CN values 
were determined by Stantec in their analysis for the Stormwater Report prepared for the campus 
plan of the Arsenal Site. To account for variable antecedent moisture conditions in the analysis, 
the CN values were adjusted per McCuen’s empirical data (2004). Adjusting the CN value for 
moisture affects runoff as saturated soils produce more runoff than dry. These adjustments are 
tabulated in Figure 11:  
 
 
 
Figure 11 CN Adjustments for Wet and Dry Conditions (McCuen, 2004) 
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CN values not specified in the table were calculated by iteration between the two closest values. 
The CN adjustments are seasonally conditional as plant-uptake of soil moisture is much greater 
during the growing season, requiring more rainfall to produce runoff. For our project, the 
growing/dormant seasons were estimated from first and last frosts as estimated by PlantMaps, a 
publicly available, reference website who compiles and publishes USDA and NOAA data on 
agriculturally important conditions across the US and internationally (2015).  
These variables as mentioned previously, were used in the SCS runoff CN equations to 
estimate runoff volumes per rain event in Excel and were compiled to estimate the annual runoff 
volume for the Arsenal site. 
3.5  System Dynamics Model of the athenahealth Site 
System dynamics (SD) is an interdisciplinary field that aims to account for the variability 
in the real world. Rather than defining a process or system within the narrow framework of a single 
discipline, such as economics or sociology, we used a bottom-up approach to modeling the 
processes that impact stormwater. In our model, human activity was only one of the subsystems 
that made up the larger system of the athenahealth site. We attempted to account for as many 
significant variables as possible and identify the factors which regulate such variables in the real 
world. This model created the framework for which we could develop technical, socioeconomic, 
political, and budgetary uncertainty analysis of the athenahealth site’s stormwater runoff.  
The methods used in this objective were divided into two subsequent goals: the first to 
construct the model itself, and the second, to verify the model’s validity. 
 
3.5.1 Construct the System Dynamics Model 
The first part of this objective was to develop the SD model. The methodology for 
developing an SD model is well-established (Forrester, 1961). The first step is to define the 
problem by identifying significant factors, which influence the problem over time, either directly 
or indirectly (Stave, 2003). In this case the problem (the variable of concern) is the concentration 
of phosphorus in the stormwater runoff. In system dynamics modelling simulation, time is discrete, 
as opposed to being continuous in the real world. That it, SD modelling software produces time-
step simulations; the duration that a simulation is meant to represent is the summation of individual 
‘steps’ or increments of a specified duration (e.g. days). Using the phosphorus inventory of the 
site, we identified which factors had a direct effect on the problem. The total volume of runoff for 
a given rain event, for example, has a direct, and quantitatively definable, influence on the 
phosphorus concentration. While this causal linkage is fairly obvious, the extent of the effect of 
other variables on the problem is less clear. For instance, grass fertilizer that is used in excess will 
not be properly absorbed into the soil and can contribute significant amounts of phosphorus to 
stormwater runoff, however it is often difficult to correctly judge how much fertilizer to use so 
that the grass will grow in full and the amount of excess fertilizer will be kept to a minimum. 
However, the fact that certain variables may be more or less difficult to define quantitatively does 
not lessen our ability to define the causes and effects of these variables qualitatively. Beginning 
with only our variable of concern, and building its causal chains piece by piece, we were able to 
describe the system by identifying its structure in terms of the elements that comprise it, how they 
relate to each other, and how the system relates specifically to the net water quality of the runoff 
from the site. 
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We developed our SD model by representing the system components as a set of stocks and 
flows, which may be material or informational in nature. We often did not know precisely the 
relative ‘weight’ of the effect of one variable versus another, however this was not a problem in 
constructing the SD model. We simply needed to define the direction of flow and the nature of 
cause-and-effect among variables. From there we could make a dynamic hypothesis with regards 
to relative weights and verify using model simulations and comparing the results to real-world 
data. We developed the model and represented our dynamic hypothesis using the educational 
version of VenSim, a SD modeling software.  
3.5.2 Verify the Model’s Validity 
Once our SD model was constructed to accurately represent the phosphorus and runoff 
information at the athenahealth site, we needed to verify the model’s validity, and make 
adjustments as needed. This part of the methodology was crucial for the accuracy of our entire 
project. As such, we applied commonly accepted best practices to ensure the validity of our model, 
including (Malczynski 2011): 
 
● All variables are defined and are represented with units  
● Every variable is used by another variable 
● Stocks are initialized internally  
● All links are used in the variable they connect to 
● Variable naming systems are consistent with each other and with model standards 
 
After verifying those considerations, we sought to ensure our model’s accuracy as well. 
We did this by running simulations of possible scenarios, and evaluating the model’s performance 
based on the accuracy of the results. When the output of the model (runoff phosphorus 
concentration/load) differed in order of magnitude from the values found through experimental 
testing, we revised the model where necessary until the simulations consistently revealed accurate 
outputs.  
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3.6  Propose Recommendations to the campus plan for Improving 
Stormwater Management 
From this objective, we hoped to reduce the quantity of phosphorus entering the Charles 
River by improving the management and treatment of stormwater runoff at the athenahealth site. 
This knowledge was important due to the phosphorus pollution problems in the Charles River, as 
well as the growing demand for phosphorus mitigation projects that will follow new EPA TMDL 
regulations. 
In this objective, we were limited by the monetary budget behind the project and the space 
available for the installation of treatment techniques. Ideally, Stantec could implement an 
unlimited amount of treatment techniques to prevent phosphorus from entering stormwater runoff 
or the Charles River. However, in any site redevelopment project, the client’s budget must be 
maintained, and treatment technologies must fit specific dimensions in appropriate locations. We 
addressed this limitation by proposing recommended changes to the stormwater plan that would 
be the best fit for the site in the long run, both economically and environmentally. 
The system dynamics model of the site as well as the cost-benefit analysis of the various 
TT’s for phosphorus removal were the primary tools for us to develop recommendations for 
stormwater treatment. The system dynamics model was used to identify the potential treatment 
sites and phosphorus contents of the stormwater across various locations on the site. Laboratory 
testing of stormwater collected at several different locations provide initial phosphorus 
concentrations without treatment. Results from the cost-benefit analysis helped select the most 
cost-efficient TT for the sub-watersheds in the system dynamics model given the size, treatment 
volume, efficiency of the TT to remove phosphorus, and other considerations as discussed in the 
analysis.  
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4.0 Results & Discussion 
This chapter will describe the results of the completed methodology, including the findings 
from the athenahealth Stormwater campus plan, the phosphorus inventory, the phosphorus 
analysis, the cost-benefit analysis, and analysis of the SD model. 
4.1 Stormwater campus plan 
Stantec’s campus plan plan was submitted to the town of Watertown on February 8th, 2016. 
This campus plan was guided by athenahealth’s vision to create an open campus for the community 
that met the needs of the growing company. The campus plan included a stormwater management 
report, describing in detail the site’s hydrology, topography and existing conditions, as well as how 
the proposed redevelopment will affect site conditions, including stormwater. 
4.1.1 athenahealth Redevelopment Plan 
Stantec’s campus plan for the redevelopment proposed the following changes to the site: 
● Addition of 1 new parking garage 
● Addition of 6 new buildings for office and retail 
● Coverage over open space between buildings 313 and 37 
● Addition of green open space 
● Improvements to traffic flow 
● Improvements to pedestrian and cyclist flow 
● Installation of new stormwater drainage network 
 
A rendering of these proposed changes to the site is shown in Figure 12. 
 
Figure 12 Proposed campus plan (Stantec Stormwater Report, 2016) 
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As a result of these changes, the redevelopment will increase the quantity of pervious area 
on site, as shown in Table 4. 
Table 4 Proposed changes to site surfaces 
 Existing Proposed 
Impervious Area 21.885 Acres 20.090 Acres 
Pervious Area 7.543 Acres 9.337 Acres 
 
The existing site is composed of five subcatchment areas, denoted by SC1-SC5 in Figure 
13 (Stantec Stormwater Report, 2016). Each of these subcatchments drains to a design point 
(labeled DP1-DP5 in the figure), enabling Stantec’s consultants to design a stormwater plan for 
each point. Stormwater at the site currently is discharged to the municipal stormwater system, and 
directly to the Charles River. One of the most prominent features of the athenahealth 
redevelopment is the installation of a new stormwater drainage network (Figure 1) that does not 
discharge directly to the Charles River without treatment.
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Figure 13 Stormwater drainage network at existing site (Stantec Stormwater Report, 2016)  
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Figure 14 Stormwater treatment and drainage network redevelopment plan (Stantec Stormwater Report, 2016)
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4.1.2 Proposed Stormwater Management Techniques 
 
Stantec consultants developed the stormwater plan in order to improve existing stormwater 
management on-site and reduce risks of runoff contamination. The stormwater plan designed in 
the athenahealth campus plan proposed implementation of the following stormwater treatment & 
management features: 
 
Permeable Pavement 
Permeable pavement will be installed onsite. Street sweeping will occur on permeable 
pavement twice per year to remove sediment. 
 
Green Roofs 
Green roofs will be installed on all newly constructed buildings. Buildings 1, 2, 3 and will 
have 60% coverage of green roofs. The roof of building 5 will be composed of 50% green 
roof, and the roof of building 6 will be composed of 40% green roof.  
 
Rainwater Harvesting 
Five cisterns will be installed on the campus in order to harvest rainwater for beneficial 
use. 
 
Water Quality Swales 
Vegetated swales will be installed to improve water quality. Swales will be vegetated with 
grass that is consistently longer than 4”. Once per year the swales will be cleared of any 
debris.  
 
Rain Gardens/Biofilters 
Rain gardens will be installed on-site with vegetation planted in 16” of biofilter soil. The 
soil is composed of 50% sand, 30% loam, and 20% shredded bark mulch. Rain gardens 
will be inspected twice per year and any clogs will be removed.  
 
Subsurface Detention and Infiltration 
Two different technologies will be installed in the site’s subsurface in order to detain 
stormwater and allow it to infiltrate into the groundwater. A Contech CON/SPAN® system 
will be installed to store stormwater runoff from watersheds 1, 2 and 4. A CON/SPAN® 
system can be found in Figure 15. Additionally, Invisible Structure, Inc. Rainstore3 will be 
installed to store stormwater from watersheds 2, 4 and 5. An image of a Rainstore3 system 
can be found in Figure 16.  
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Figure 15 Contech CON/SPAN® system (Contech 2016) 
 
 
Figure 16 Rainstore3 system (Invisible Structures, Inc. 2011) 
Water quality inlets will be installed to screen stormwater prior to flowing into detention  
& infiltration units. The units will all be inspected twice per year and any clogs will be 
removed.  
 
Phosphorus Treatment 
 Phosphorus will be treated on site to meet the EPA’s requirements for 65% removal. The 
proposed treatment strategy is to infiltrate 1” of runoff from impervious areas, other than 
runoff from building 311, which will not be treated for phosphorus. Runoff exceeding this 
amount from building 311 will continue to be discharged directly to the municipal system 
without treatment. 
 
A map of the site depicting the locations of some of these treatments can be found in Figure 
18. The figure also displays a table with information regarding the site’s percentage of runoff that 
is retained on site for different design storms. 
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Figure 17 Stormwater treatment map and design storm data (Stantec Stormwater Report, 2016) 
In addition to these treatment technologies, the athenahealth project will include the 
development and implementation of a Stormwater Pollution & Prevention Plan (SWPPP) in 
accordance with the NPDES Construction General Permit (CGP) requirements. The SWPPP has 
yet to be developed in full, but it will include erosion & sediment control measures such as catch-
basin protection, dust suppression measures and temporary sedimentation basins. An operation & 
maintenance plan will also be developed and implemented for the long term use of stormwater 
treatment equipment. The project will also include a spill prevention plan to minimize risks of 
contamination of stormwater. 
4.1.3 Design Restrictions 
There were a few restrictions that limited the design for the site’s stormwater plan. Space 
was a limitation. Because the site is already developed and has various utility lines installed 
underground, space was a primary limitation for designing stormwater management and treatment 
techniques.  
The site’s geology also posed some restrictions for stormwater management. Depth to 
groundwater varies significantly throughout the site. Additionally, any proposed features which 
require excavation of soil present challenges due to the site’s history of soil contamination. 
Excavation projects require approval from the Army Corp of Engineers, as specified in the AMTL 
Final Close Out Report.  
Lastly, while the proposed stormwater management plan includes collection and treatment 
of nearly all stormwater on-site, stormwater cannot be collected from building 311 due to 
constraints related to the required re-piping of the entire building. Re-piping building 311 would 
require evacuation of this large, occupied building as the plumbing for the roof lies below the 
building. 
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4.2  Phosphorus Inventory 
The collection of the phosphorus inventory revealed many sources that are typical of a 
commercial location, as well as some that were more unexpected. Table 5 shows the results of 
both organic and inorganic sources of phosphorus at the athenahealth site.  
 
Table 5 Sources of Phosphorus at the athenahealth site 
Source Estimated Concentration 
Flora and fauna Organophosphates, variable 
Soil - classified as sandy soil, 
Hydrological Soil Group (HSG) A 
300-500 ppm (Balba, 1975) 
Pet Waste 850.5 mg/dog/day 
Detritus from plants and animals Variable 
Rainfall < 0.03 ppm (Agriculture Extension 
Service n.d.) 
Groundwater < 0.02 ppm (Agriculture Extension 
Service n.d.) 
Vehicle Exhaust Diesel: 0.16-0.20 ppm (Dallmann et al 
2014) 
Gasoline: 0.04 - 0.18% (Watson et al 
1994) 
Diesel: 0.00 - 0.12% (Watson et al 
1994) 
Vehicle Fluids Oil: 900 ppm (Karjalainen et al 2014) 
Gasoline: 1.32 ppm 
Road Salt 1.0-4.0 ppm (Tierney & Silver 2002) 
Road Sand 53.4-55.0 ppm (Tierney & Silver 
2002) 
Exterior Waste Storage Variable based on waste content 
Fertilizers 0.179 kg/acre/year 
Urban farming units unknown 
 
Images of some of these sources from site visits can be seen in Figures 18-20. The 
phosphorus content from pet waste proved to be the most significant surprise in the phosphorus 
inventory. The athenahealth site campus has a policy that allows employees to bring their dogs to 
work every day (The Arsenal on the Charles 2015). Site visits on January 25th, 2016 and February 
3rd, 2016 both revealed a number of employees and their dogs on the quad of the campus. It is 
expected that that number would increase in the warmer months of the year.  
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Figure 18 Road salt 
 
 
 
Figure 19 Road Sand 
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Figure 20 Exterior waste storage draining to catch basin 
 A summary of how these organic and inorganic sources collectively makeup the 
athenahealth site can be found in Table 6. Using the EPA’s General Permit for Designated 
Discharges in the Charles River Watershed, we calculated the estimated total phosphorus loading 
on-site given the information regarding the site’s various surface types and areas. All calculations 
can be found in Appendix B.  
Table 6 Estimated phosphorus loading at the athenahealth site 
Conditions Phosphorus Loading (lbs./year) 
Existing 50.44 
Proposed 46.26 
4.3  Stormwater Analysis 
 Rainfall was measured at the athenahealth site on February 3, 2016 from 2:00 pm until 
8:25 pm. The EasyLogUSB data logger in the rain gauge recorded the number of ‘events’ that 
occurred in each ‘time periods’. In this case, the ‘event’ was an electrical relay triggered every 
time the equivalent of 0.01” of rainfall was collected. The ‘time period’ was set to 5 minutes in 
order to ensure precise measurements; 77 ‘events’ were recorded. Due to time constraints, data 
was not collected through the end of the storm event, which ended between 10:00 pm and 11:00 
pm. Therefore, this data has been supplemented with hourly rainfall data measured at Logan 
Airport and provided by NOAA. It should be noted that, because Logan is roughly 7.5 miles east 
of the athenahealth site, the rainfall data collected at Logan does not represent the exact rainfall at 
the athenahealth site. Rather, it is meant to support the validity of the data collected via the rain 
gauge. Individual and cumulative rainfall data, as well as the hourly data from Logan Airport, is 
represented in Figure 21. 
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Figure 21 Rainfall data measured on 2/3/16 
Spectrophotometric analysis of the four phosphorus standards (0.1, 0.5, 1.0, and 3.0 ppm) 
established the relationship between absorbance and TP concentration, which is shown in Figure 
22 and defined by the following linear equation. 
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Figure 22 Absorbance - phosphorus calibration curve 
𝑦𝑦 = 0.2882𝑥𝑥 or 𝑥𝑥 = 𝑦𝑦
0.2882 
 
Where 𝑦𝑦 is the unit-less absorbance value and 𝑥𝑥 is the concentration of phosphorus in 
mg/L. Using this equation and absorbance values measured via spectrophotometric analysis, the 
concentrations of TP and TDP in each sample were determined. The orthophosphate 
concentrations were calculated by multiplying TP concentrations by the relative molar mass of 
orthophosphate to elemental phosphorus, which is approximately 95/31. The TP, P-PO4-3, and 
TDP concentrations of the stormwater samples are shown in Table 7. 
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Table 7 Phosphorus concentrations of stormwater samples 
Sample 
X Location 
TP 
(mg/L) 
Avg. TP 
(mg/L) 
TDP 
(mg/L) 
Avg. TDP 
(mg/L) 
% 
TDP 
P-(PO4-)3 
(mg/L) 
1-1 
Parking 
Lot 
N/A N/A N/A N/A N/A N/A 
1-2 0.260 
0.269 
0.083 
0.096 
32.0% 0.797 
1-3 0.278 0.108 38.8% 0.852 
2-1 
Parking 
Garage 
0.267 
0.353 
0.208 
0.109 
77.9% 0.818 
2-2 0.652 0.042 6.4% 1.998 
2-3 0.139 0.076 55.0% 0.426 
3-1 
Shingle 
Roof 
0.198 
0.122 
0.156 
0.075 
78.9% 0.607 
3-2 0.080 0.024 30.4% 0.245 
3-3 0.087 0.045 52.0% 0.267 
4-1 
Metal Roof 
0.479 
0.320 
0.003 
0.026 
0.7% 1.468 
4-2 0.160 0.049 30.4% 0.490 
4-3 N/A N/A N/A N/A N/A N/A 
 
Figure 23 is a graphical representation of the TP and TDP concentrations of each sample 
along with the total amount of rainfall that was measured on site. The exact time when each 
sample was taken is described by the x-axis; the left y-axis corresponds to TP and TDP 
concentrations (in mg/L) and the right y-axis to cumulative rainfall (in inches). 
Page | 44 
 
 
Figure 23 Concentrations of TP & TDP of stormwater samples, with cumulative rainfall, over time 
The TDP concentrations were fairly consistent across the sampling locations except for 
the metal roof samples. The first sample taken from the parking lot stormwater runoff and the 
third sample taken from the metal roof runoff both showed lower values for TP concentration 
than those for TDP concentration. This indicates an error with either the TP or TDP 
measurements, and for this reason the values have been omitted. The TP concentration of the 
second sample taken at the parking garage runoff outlet is significantly higher than that of the 
other 3 samples, which may be due to the increase in storm intensity at approximately the same 
time as the sampling and the fact that the sampling point represented the combined outfall of all 
of the parking garage catch basins. Due to the limited amount of data collected, the phosphorus 
concentrations of individual samples are less useful than are the average TP and TDP 
concentrations for each sampling location. In general, the measured TP and TDP concentrations 
were within the range and in some cases slightly less than the event-mean concentrations given 
in the literature (Brezonik and Stadelmann, 2002; Bryan, 1970; Graves et al., 2004; Comings et 
al., 2000; Göbel et al., 2007). 
While testing for dissolved phosphorus using ion chromatography, excessive chloride 
concentrations were measured in the parking lot and parking garage samples. These 
concentrations were several orders higher than the dissolved phosphorus the team was testing for 
or would expect on the site. Ultimately, the ion chromatography was determined to be an 
infeasible because the high concentrations of chloride interfered with the readings for dissolved 
phosphorus and diluting the samples down to cut the chloride concentration would make the 
phosphorus concentrations unregistrable.  
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4.4  Cost-benefit Analysis  
The Cost-Benefit Analysis of the stormwater techniques synthesized our research on the 
capital and operational costs for TT’s as well as the widely varying, even contradictory, removal 
efficiencies reported by the scientific community and manufacturers. The following sections 
outline the results of our research then follow up with the cost-benefit analysis for TT’s removing 
phosphorus from stormwater. 
 
4.4.1 Capital and Annual Maintenance Costs for TT’s  
The results of our search for capital and maintenance costs have been summarized in 
Table 8. These values were a result of an analysis of several sources and estimates as shown in 
Appendix C. While it was rare for a single source to have all the information needed for our 
analysis, a synthesis of each source provided nearly all the information required for the analysis 
for each individual stormwater treatment method for phosphorus. In this table, the acronyms 
represent the following: 
• YOP- Year of Price Estimate 
• CC- Capital Cost 
• AMC- Annual Maintenance Cost 
• RC- Repair/Replacement Cost at end of useable lifespan 
• LS- Lifespan 
Table 8 Summary of Capital and Maintenance Costs 
Treatment Technique YOP CC  AMC  RC  LS Area (ac) 
Dry Detention 2015 $15,750 $2,620 --- 50+ 1 
Wet Retention 2015 $16,803 $3,180 --- 50+ 1 
Buffers 2011 --- $2,960 --- 8-60  1 
Filter Strips ND ND ND ND ND ND 
Vegetated/grass Swale 2015 $15,704 $650 --- 50+ 1 
Infiltration Trench 2015 $22,376 $4,003 --- 50+ ½ 
Porous Pavement 2015 $27,570 $1,110 $22,100 14 .12 
Permeable Concrete Pavers 2015 $100,170 $460 $59,778 30 ½ 
Sand Filters 2015 $15,490 $2,763 $3,800 10 1 
Gravel Wetland 2015 $27,783 $2,285 --- 50+ 1 
Bioretention (high average) 2015 $41,760 $1,253 $8,000 25 1 
Bioretention (low average) 2015 $23,460 $1,980 $8,000 25 1 
Filtera 2011 $ 4,350 $ 1,650 $4,580 25 .3 
Silva Cell 2015 $ 11,785 $ 2,342 $11,790 20 .3 
StormBasin 2014 $ 1,250 $ 280 $1,260 10 ¼ 
StormPod 2011 $ 1,325 $ 280 $1,400 10 ¼ 
Bayfilter 2015 $ 7,500 $ 300 $7,500 15 .26 
Imbrium Jellyfish 2010 $ 56,000 $ 2,500 --- 50+ 1 
ADS Infiltration 2004 $ 50,008 $ 2,000 --- 50+ 1 
Imbrium Stormceptor 2011 $ 9,000 $ 2,750 $9,000 25 2/3  
Stormtech 2006 $ 34,000 $ 2,000 --- 50+ 1 
Aquafilter 2004 $ 31,322 $ 2,000 --- 50+ 1 
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Some treatment techniques had widely varying estimates from different sources or 
estimates for techniques that did not match the scale of our analysis. The Weiss et al. in particular 
reported values varied with the design scale and was often unused for specific points of analysis, 
such as. In Appendix C, a more detailed discussion and breakdown of these estimates can be found, 
along with a discussion of phosphorus removal.  
 
4.4.2 Phosphorus Removal Efficiencies for TT's 
The following section summarizes the removal efficiencies for each treatment method for 
removing phosphorus from stormwater. The Total Phosphorus (TP) removal rate was the most 
common unit reported in analyses of stormwater TT’s and was the target variable for our analysis. 
Overall, there was a wide range of removal efficiencies reported by the scientific community and 
manufacturers for each TT and general agreement between sources was rare. This disagreement 
was often due to the specific environmental and design circumstances that were considered in 
individual reports and were included in our selection of a design phosphorus removal rate for the 
treatment techniques. Table 9 summarizes the range of removal efficiencies the team found for 
each treatment option and the design value used in our analysis. A more comprehensive breakdown 
of reported efficiencies, sources, and discussion can be found in Appendix C. 
Table 9 Removal Efficiencies 
Treatment Technique P-Removal Reported Ranges 
P-Removal For 
Analysis 
 Porous Asphalt 42-76% 51% 
 Permeable Concrete 
Pavers 65-99% 70% 
 Gravel Wetland 56-63% 58% 
 Sand Filter 33-63.1% 47% 
 "Dry" Detention Pond 0-50% 20% 
 "Wet" Retention Pond 0-90% 35% 
 Vegetated Swale 0-86% 29% 
 Filtera 70% 70% 
 Silva Cell 60% 68% 
 StormBasin 59% 59% 
 StormPod 47% 47% 
 BayFilter 55.4% 55% 
 Imbrium Jellyfish  59% 59% 
 ADS Infiltration 81% 81% 
 Infiltration Trench 49-83% 64% 
 Bioretention (low 
average) 26-34% 34% 
 Biorentention (high 
average) 60-83% 70% 
 Imbrium Stormcepter 21.8-32% 27% 
 Stormtech 49-52% 51% 
 Aquifilter 24-59% 24% 
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The low-impact development techniques commonly had wide ranges of reported 
phosphorus removal rates. As such, the team critically reviewed the sources to eliminate those that 
did not compare to the environmental and design constraints for the cost-benefit analysis. This 
discussion is included in Appendix C and specifically details which sources were used in the 
analysis and how the design removal rate was obtained. 
 
4.4.3 Surface Infiltration & Interception rates 
While preparing the annual cost analysis tool, the weighted annual runoff rate for the site 
over an averaged 4-year period from 2012-2015 was significantly low at about 14.5% as compared 
to commonly published materials, which report a 55% runoff rate in an urbanized environment as 
duplicated in Figure 24.  
 
Figure 24 Comparison of Rural and Urban Runoff Volumes (courtesy of the USEPA, 2003) 
The difference between the average annual rainfall from the observed data, 36.8 inches, 
and long-term estimates of the Northeast Coast, 37.6, could not account for the drastic difference 
between the spreadsheet analysis and the commonly published rates. In a similar manner, the 
Simple Method for Calculating Pre-Development Phosphorus Loading predicts a 72% runoff rate 
for site as shown in the Appendix D calculations. 
The team looked to the HydroCAD model results, prepared by Stantec in their Stormwater 
Report for the Campus plan for discrepancies between it and the spreadsheet calculations. During 
the 4-year period analyzes in the spreadsheet, three storms on 06/08/2013, 12/10/2014, and 
10/01/2015 were comparable to the Type III 24-hour, 2-year storm used in the HydroCAD model. 
The rainfall subsequent runoff calculations from the spreadsheet and HydroCAD design storm are 
shown in Table 10. 
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Table 10 Runoff Calculation Results 
Storm CN in analysis Rainfall (in) Runoff Depth (in) Runoff % 
Type III 24-h, 2-y 86* 3.20 1.90* 59% 
06/08/2013 74 3.57 1.29 36% 
12/10/2014 97 4.00 3.62 90% 
10/01/2015 74 3.44 1.2 35% 
*indicates values specific to the Arsenal Site calculated by Stantec 
 
The table shows that the predicted runoff rates from the spreadsheet are not similar to that 
calculated by the HydroCAD model. This is due to the different CN values determined by the 
spreadsheet due to the 5-day antecedent moisture condition as described in Section 3.4.3 in the 
Methodology. The antecedent moisture condition adjusted the CN value according to the predicted 
soil moisture predicted by antecedent rainfall, shown by Figure 25. 
 
 
Figure 25 Adjustment of CNs for Moisture Conditions 
The polynomial trendline was used for the spreadsheet calculations to interpolate between 
site CN values and their corresponding dry and wet CN values. 
When readjusted to the site-average CN value of 86, the runoff rate for the three storms 
were calculated to be 60%, 64%, and 60% accordingly, similar to the HydroCAD design storm 
(Stantec, 2016). The spreadsheet analysis follows a similar methodology to the TR-55 and so it is 
expected the runoff rates would match that of the HydroCAD model with little difference in runoff 
rates for the similar storms.  
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 Since the predicted values from the spreadsheet are comparable to the HydroCAD model, 
the difference in the commonly published runoff rate and the Simple Method prediction are not 
enough to invalidate the spreadsheet analysis. With the spreadsheet analysis results probable, the 
predicted cause for the site average 14% runoff rate may then be the inherent lower limit of rainfall 
that results in runoff due to the equation used in the analysis. This lower limit is described in the 
equation below: 
 
𝐿𝐿𝐶𝐶𝐿𝐿𝐿𝐿𝐿𝐿 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐶𝐶 𝐶𝐶𝑜𝑜 𝑅𝑅𝑅𝑅𝐿𝐿𝑅𝑅𝑜𝑜𝑅𝑅𝑅𝑅𝑅𝑅 𝐶𝐶𝑅𝑅𝑅𝑅𝐶𝐶𝐶𝐶𝑅𝑅𝑅𝑅𝐶𝐶𝐿𝐿𝐶𝐶𝑅𝑅𝐶𝐶 = 200
𝐶𝐶𝐶𝐶
− 2 
 
Many of the rainfall events observed throughout the year are below this point, resulting in no 
runoff in the model. While this may be true for some days with marginal rainfall, many of the 
sloped, smooth surfaces in an urban environment result in runoff with rainfall below the calculable 
limit of the SCS runoff equations. Such was the case when collecting our samples for phosphorus 
content; there was trace rainfall the night before sampling but the size of the impervious surfaces 
on the lot conveyed the minimal rainfall that to the designated collection points. Thus while the 
Simple Method may overestimate runoff compared to the SCS equations used in the TR-55 
methodology, the 14% runoff calculated with the spreadsheet is likely an underestimate of the 
annual runoff volume and the actual value would fall between it and the calculated runoff rate by 
the HydroCAD model, 59%. 
 While the comparative results of the cost-analysis do not depend upon the runoff rate from 
the site, actual conditions would likely vary. For the cost analysis, runoff rate effects the net present 
value of each method equally as it assumes the total runoff volume is treated by each method 
according to the treatment area and efficiency. Therefore, while the site average runoff rate of 
14.5% is of suspect, it will be used in the cost analysis to follow the methodology as prescribed in 
Chapter 3. 
4.4.4 Net Present Cost of Phosphorus Removal 
The results of this lifecycle analysis is dependent upon several variables; capital cost 
estimates, maintenance cost estimates, maintenance frequency, design flow rates, p-removal rates, 
rainfall, and site conditions, etc. The same dynamic and coincidental variables cannot be accounted 
for due to the limited scope of our analysis, the constraints of MQP, economies of scale, and 
construction conditions.  
Following the methods outlined in the methodology, the team used the cost and phosphorus 
removal estimates outlined in the previous sections to construct a spreadsheet analysis for the cost-
effectiveness of these treatment methods to remove phosphorus. The NPC/ lb. of Phosphorus 
removed determines the dollar value per pound of phosphorus removed over the useable lifespan 
for each treatment technique.  
 The NPC/lb P-removed for the 20 stormwater management methods analyzed this report 
are shown in Table 11 and the complete tabulated data appear in Appendix E. 
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Table 11 Net Present Cost per lb of phosphorus removed 
Rank Treatment Technique Efficiency NPC/lb. of P-removed i=3% NPC/lb. of P-removed i=5% 25-years 50-years 25-years 50-years 
1 StormBasin 59% $ 8,350 $ 7,320 $ 7,920 $ 6,980 
2 StormPod 47% $ 10,820 $ 9,460 $ 10,280 $ 8,980 
3 Vegetated Swale 29% $ 14,050 $ 10,610 $ 14,050 $ 10,610 
4 BayFilter 55% $ 16,180 $ 12,050 $ 15,050 $ 10,660 
5 Biorentention High average 70% $ 17,060 $ 12,960 $ 16,810 $ 12,760 
6 Gravel Wetland 58% $ 18,400 $ 15,390 $ 18,400 $ 15,390 
7 ADS Infiltration 81% $ 19,940 $ 15,180 $ 19,940 $ 15,180 
8 Bioretention Low average 34% $ 21,780 $ 16,710 $ 21,260 $ 16,280 
9 Stormtech 51% $ 22,840 $ 17,980 $ 22,840 $ 17,980 
10 Sand Filter 47% $ 23,580 $ 21,120 $ 23,200 $ 20,760 
11 Imbrium Jellyfish 59% $ 27,320 $ 20,870 $ 27,320 $ 20,870 
12 Filtera 70% $ 30,030 $ 27,980 $ 29,560 $ 27,590 
13 "Wet" Retention Pond 35% $ 35,820 $ 32,780 $ 35,820 $ 32,780 
14 Permeable Concrete Pavers 70% $ 40,260 $ 24,670 $ 40,260 $ 23,140 
15 Silva Cell 68% $ 47,080 $ 41,600 $ 45,730 $ 40,590 
16 Aquifilter 24% $ 48,000 $ 37,870 $ 48,000 $ 37,870 
17 Infiltration Trench 64% $ 48,120 $ 43,710 $ 48,120 $ 43,710 
18 "Dry" Detention Pond 20% $ 50,820 $ 45,880 $ 50,820 $ 45,880 
19 Imbrium Stormcepter 27% $ 61,650 $ 56,650 $ 60,500 $ 55,750 
20 Porous Asphalt 51% $ 138,740 $ 103,370 $ 130,320 $ 93,580 
 
The top ten techniques from our analysis each have relatively low capital and maintenance 
costs with exception to the bioretention and ADS infiltration systems, which have high removal 
efficiencies and treatment volumes to make them cost-efficient options for phosphorus removal. 
These techniques have considerable costs differences at the 25-year and 50-year points for a 
discount rate of 3%.  
The vegetation related methods; the vegetated swale and bioretention systems, may vary 
in p-removal throughout their lifespans making them the least reliable of the treatment methods, 
much less so than the engineered options, which have fewer confounding variables. Bioretention 
in particular has greatly varying effects on nutrient treatment, especially dissolved phosphorus. 
Any stormwater treatment reliant upon bioretention would need special design consideration and 
field verification in order to ensure proper treatment for phosphorus. 
Though used in Stantec’s stormwater management plan, permeable concrete pavers, porous 
asphalt, and Imbrium Jellyfish filters have high capital costs, which discourage their use as a 
phosphorus treatment method. The three methods have moderate treatment rates for phosphorus 
that, though above average for the techniques investigated, did not attenuate their respective costs.  
Table 12 highlights the changes in rank of the stormwater methods at the 50-year analysis 
point. Green indicates a higher rank while red indicates a decrease in rank. 
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Table 12 Treatment Techniques ranked by NPC/lb. P-Removed at i=3% for 50 
years 
Rank Treatment Technique NPC/lb. of P-removed 
1 StormBasin $ 7,320 
2 StormPod $ 9,460 
3 Vegetated Swale $ 10,610 
4 BayFilter $ 12,050 
5 Biorentention High average $ 12,960 
6 ADS Infiltration $ 15,180 
7 Gravel Wetland $ 15,390 
8 Bioretention Low average $ 16,710 
9 Stormtech $ 17,980 
10 Imbrium Jellyfish $ 20,870 
11 Sand Filter $ 21,120 
12 Permeable Concrete Pavers $ 24,670 
13 Filtera $ 27,980 
14 "Wet" Retention Pond $ 32,780 
15 Aquifilter $ 37,870 
16 Silva Cell $ 41,600 
17 Infiltration Trench $ 43,710 
18 "Dry" Detention Pond $ 45,880 
19 Imbrium Stormcepter $ 56,650 
20 Porous Asphalt $103,370 
 
The shifts in rank can be attributed to unit replacement costs at the end of their reasonable 
lifespan. At the 50-year point, both the Imbrium Jellyfish and permeable concrete pavers become 
more appealing for P-removal. Similarly, ADS infiltration, which is similar to the proposed 
infiltration system, becomes less cost prohibitive due to the low long-term maintenance costs and 
high P-removal rate. 
When comparing treatments methods between a 3 and 5% discount rate at the 25-year 
analysis point, there were no observed changes in ranks but there were two sets of shifts in the 50-
year analysis. Table 13 highlights these changes in a similar manner as Table 12. The sand filter 
and Imbrium Jellyfish methods have very close NPC/lb P-removed values, which indicate the 
change is superficial. Meanwhile, the change between the permeable concrete pavers and the 
Filtera tree box filter is likely due to increased lifecycle costs of the tree box filter at the end of its 
reasonable lifespan. 
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Table 13 Treatment Techniques ranked by NPC/lb. P-Removed at i=5% for 50 
years 
Rank Treatment Technique NPC/lb. of P-removed 
1 StormBasin $ 6,980 
2 StormPod $ 8,980 
3 Vegetated Swale $ 10,610 
4 BayFilter $ 10,660 
5 Biorentention High average $ 12,760 
6 ADS Infiltration $ 15,180 
7 Gravel Wetland $ 15,390 
8 Bioretention Low average $ 16,280 
9 Stormtech $ 17,980 
10 Sand Filter $ 20,760 
11 Imbrium Jellyfish $ 20,870 
12 Permeable Concrete Pavers $ 23,140 
13 Filtera $ 27,590 
14 "Wet" Retention Pond $ 32,780 
15 Aquifilter $ 37,870 
16 Silva Cell $ 40,590 
17 Infiltration Trench $ 43,710 
18 "Dry" Detention Pond $ 45,880 
19 Imbrium Stormcepter $ 55,750 
20 Porous Asphalt $ 93,580 
 
After considering the results of the lifecycle cost analysis, two particular 
recommendations for the Arsenal site were made and will be discussed in Chapter 5 of our 
report.  
4.5  System Dynamics Model 
The system dynamics model of the athenahealth site is composed of three subsystems, each 
of which represents a separate stock. The primary and largest subsystem represents phosphorus 
loads in stormwater, and the variable stocks within this subsystem are in units of mass (of TP). 
The two secondary subsystems represent stormwater and vegetative biomass; variable stocks 
within these subsystems are in units of volume and mass, respectively. Each subsystem of the 
model contains one or more level variables, which are the key stocks of that subsystem, changing 
according to multiple independent flows. The flows are the rates of change which cannot be 
directly or easily controlled, either because they are the result of many different variables or simply 
because they are caused by natural forces (e.g. water cycles and plant growth). Many of the 
variables are quantitative and their effects on the system as a whole are easily definable. However, 
the system also includes auxiliary variables, which are qualitative, and may only serve to show 
the relative effects of these variables on the system.  
The overall accuracy of the SD model was limited by the amount of data the team was able 
to collect from the site, as well as the lack of experimental data from the site post-
development.  Specifically, the expected TP concentrations of the six different surface types could 
not be predicted confidently without more laboratory data for phosphorus concentrations of runoff 
from a larger number of storm events throughout the year.  The stormwater samples that were 
collected were only representative of three of the surface types (the SD model includes both metal 
and shingle roofs in a single category) and of a single, relatively minor, storm event in February. 
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Similarly, some variables were not documented during site visits that would be needed in order to 
run simulations to check for accuracy, such as the number and species of plants, amount of pet 
waste, and number of vehicles.  Another limitation of the SD model was the lack of experimental 
post-development data, which would be required in order to compare and determine the accuracy 
of the SD model results. Due to these limitations, the SD model is meant only to provide a 
framework of the system dynamics of the athenahealth site, and is not intended to make specific 
quantitative predictions without more reliable data for all of the variables in the system 
The entire structure of the SD model is shown in Figure 26, and the individual subsystems 
are described in detail in the following sections.
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Figure 26 Structure of the SD Model 
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4.5.1 Phosphorus Subsystem 
 
The primary subsystem of the SD model represents the “stock”, or mass, of phosphorus 
that exists on site either in stormwater runoff or readily available in regards to runoff pollution. 
The phosphorus subsystem contains one level variable: “Stormwater Runoff Phosphorus Load”, 
defined as the mass of TP that is transported in stormwater runoff. This value is defined as the 
difference between the two flows, “Contamination” and “Removal / Treatment”, which are 
themselves determined by two separate networks of variables. 
Pollution of stormwater runoff on the athenahealth site can be defined as the sum of six 
distinct “Runoff P-Loads” from six different surface types: roof, parking garage, impervious 
pavement, green roof, grass, and gravel. All of these “P-Loads” variables depend on the amount 
of stormwater runoff present at any given time, the “Runoff” flow. Each “P-Load” also depends 
on the relative area of each specific surface type, as well as the specific TP concentration that can 
be expected of stormwater runoff from the specific surface type. Depending on the surface type, 
the expected stormwater runoff TP concentration may vary depending on one or more auxiliary 
variables. Two of the surface types are not completely impervious, and therefore the “P-Loads” of 
these surfaces also depend on the “Imperviousness (%)” of the surfaces. One example of a “P-
Load” calculation is as follows: 
 
“Grass Runoff P-Load”= "𝑅𝑅𝐶𝐶𝑅𝑅𝐶𝐶𝑜𝑜𝑜𝑜" × "𝐺𝐺𝐿𝐿𝑅𝑅𝐶𝐶𝐶𝐶 𝐴𝐴𝐿𝐿𝐿𝐿𝑅𝑅 (%)" × "𝐺𝐺𝐿𝐿𝑅𝑅𝐶𝐶𝐶𝐶 𝑅𝑅𝐶𝐶𝑅𝑅𝐶𝐶𝑜𝑜𝑜𝑜 𝑇𝑇𝐶𝐶 𝐶𝐶𝐶𝐶𝑅𝑅𝐶𝐶𝐿𝐿𝑅𝑅𝐶𝐶𝐿𝐿𝑅𝑅𝐶𝐶𝐿𝐿𝐶𝐶𝑅𝑅"× "𝐺𝐺𝐿𝐿𝑅𝑅𝐶𝐶𝐶𝐶 𝐶𝐶𝐿𝐿𝐼𝐼𝐿𝐿𝐿𝐿𝐼𝐼𝐿𝐿𝐶𝐶𝐶𝐶𝐶𝐶𝑅𝑅𝐿𝐿𝐶𝐶𝐶𝐶 (%)" 
 
Figure 27 shows the network of variables that define the “Contamination” flow. 
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Figure 27 “Contamination” flow component of the SD model 
The “Removal / Treatment” flow of the phosphorus subsystem is the total amount of 
phosphorus removed from stormwater runoff by various treatment methods. Each treatment 
method depends on a unique set of variables and treats stormwater runoff from a specific surface 
type. Figure 28 shows an example of the “Removal / Treatment” flow defined by several 
treatment methods: the StormBasin, bioretention, and the vegetated swale. 
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Figure 28 “Removal/Treatment” flow component of the SD model 
4.5.2 Stormwater & Vegetation Subsystems 
 
The stormwater and vegetation subsystems of the SD model are less important for the 
purposes of this project, however they must be defined as separate subsystems because the units 
used are not masses of phosphorus and therefore cannot be directly linked to the primary 
subsystem. The stormwater subsystem is shown in Figure 29, and accounts for all stormwater on 
site including rainfall, runoff, evaporation, unsaturated soil moisture, groundwater, and water 
consumed by vegetation. 
The vegetation subsystem of the SD model includes the “Total Biomass” of vegetation on 
site, and highlights the choice of the number and species of plants and the effects this may have 
on the whole system. It also includes “mycorrhizae”, the fungi species that coexists with plant 
roots and can benefit plant growth as well as the phosphorus removal of treatment methods 
involving vegetation. 
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Figure 29 Stormwater subsystem of the SD model  
Page | 59 
 
5.0 Recommendations 
 The methodology and compilation of qualitative and quantitative results from our research 
culminated in the development of recommendations for Stantec. These recommendations were 
split into three overarching categories: 
1. Recommendations for the athenahealth stormwater plan 
2. Recommendations for education and land use on site 
3. Recommendations for future research 
5.1 Recommendations for the Stormwater Plan 
 
 Stantec’s stormwater plan within the campus plan for the athenahealth site consisted of a 
comprehensive explanation of changes to the site that will improve stormwater management and 
reduce runoff contamination. The proposed management plan will significantly improve 
stormwater runoff management on-site. Through the analysis of our SD model, review of the 
campus plan, and investigation into cost-benefit analysis, we developed a few recommendations 
for improving the stormwater plan for athenahealth in order to better reduce phosphorus 
contamination of stormwater runoff.  
5.1.1 Additional Vegetative Swales  
Vegetative swales are among the most cost-effective methods for phosphorus removal, and 
can be utilized to hold and treat large amounts of stormwater runoff compared to other engineered 
systems. The treatment efficiency of vegetative swales will depend greatly on the specific features 
and types of vegetation used. Swales are particularly desirable for depositing diverted stormwater 
from impervious surfaces such as parking garages. Stantec’s campus plan for the athenahealth site 
currently includes an unspecified number of vegetative swales. We recommend native species with 
the mycorrhizae bacteria, which increases phosphorus uptake in the root system of plants.  
5.1.2 Insertable Filter Cartridges in High-P Locations 
The StormBasin and StormPod insertable filter cartridge systems can be used as a 
pretreatment solution for high-phosphorus locations on the Arsenal site before collection and 
infiltration as specified in the proposed campus plan. While filter cartridge systems do not have a 
high cost per unit, the costs associated with maintaining them would increase significantly as more 
systems were installed in the existing catch basins on the Arsenal Site. Locations that would be 
optimal for the StormBasin and StormPod would be locations with extensive trash such as the 
exposed waste compactor drains located behind Buildings 39 and 60 in the existing conditions. 
The excessive debris and suspended particles may require higher maintenance than evaluated in 
the analysis, but at a unit cost of $140 per filter cartridge, the incremental cost of maintenance is 
relatively low. In the net present value analysis, the increased frequency for changing the filters 
does impact the StormPod rank in comparison to the vegetated swale, but otherwise the 
comparative results remain unchanged.  
5.1.3 Recycle Rainwater for Positive Reuse 
Stantec’s stormwater management plan includes the installation of five cisterns to help with 
the storage of stormwater during design storm events. We recommend that athenahealth use the 
rainwater in these cisterns for positive reuse, such as: 
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● Irrigating the campus’s open space and gardens 
● Maintaining the liquid content in the swales 
● Irrigating the urban farming units on-site 
● Potential greywater applications 
5.1.4 Biofilter Soil Composition 
Stantec’s current plan for bioretention media selection includes a mix that is 50% sand, 
20% loam, 20% shredded mulch. Several different factors may contribute to the overall removal 
of phosphorus from stormwater, and selection of soil mixture components can therefore play a 
large role in optimizing phosphorus reduction. 
Soil with high loam content has shown high removal rates for phosphorus and other 
nutrients. The University of New Hampshire Stormwater Center tested various mixtures and 
vegetation in their bioretention systems and while all the systems tested contained high sand 
content (45-70% sand), the test system with a soil/loam content of 45% predicted high phosphorus 
removal (UNHSC, 2012). Additionally, several studies have shown promising results on dissolved 
phosphorus removal using a mixture of sand enhanced with steel-wool fabric (Erickson et al., 
2007; Wium-Andersen et al., 2012). A soil mixture with 5% or less by weight steel-wool fabric 
can increase sorption of dissolved phosphorus with little to no negative effects on pH and other 
water quality parameters, and an increase from 1% to 5% steel-wool fabric was shown to increase 
removal of dissolved phosphorus from 60% to 90% (Erickson et al., 2007). While short-term 
nutrient removal is achieved, plant material such as woodchips and compost become a source of 
phosphorus as the system ages (UNHSC, 2010). One essential variable determined by the UNHSC 
for nutrient removal is a thick root mat in the bioretention system (UNHSC, 2012).  
Therefore, we recommend Stantec utilize a soil mixture consisting of 45% loam, 50-54% 
C 33 sand, and 1-5% steel-wool fabric. The amount of steel-wool fabric used is directly correlated 
to the dissolved phosphorus removal efficiency (up to 5% by weight), and therefore 5% would be 
ideal assuming no cost limitations. 
5.2 Recommendations for athenahealth Land Use 
In addition to developing recommendations for Stantec, we also identified a few key 
recommendations for athenahealth regarding the site’s land use and educational programs.  
5.2.1 Develop a Pet Waste Compost Program 
The athenahealth program that allows employees to bring their dogs to work is important 
for employee retention and happiness, and aligns with athenahealth’s values and community. 
Rather than viewing this program as a potential for stormwater contamination, a pet waste compost 
program can be developed to put pet waste to positive reuse, and reduce potential for phosphorus 
pollution.  
This program has been successfully implemented in Montreal, Quebec; a city where 
approximately 23% of the population owns dogs (Nemiroff & Patterson, 2007). At a local dog 
park, the city installed two composting units, similar to the unit in Figure 30. Pet-owners used 
shovels to place waste into the composting units, covering the waste with a layer of sawdust. After 
a trial period of two months, 470 lbs of dog waste had been collected. After an incubation period 
of one year, this waste, along with the sawdust, was converted into 370 lbs of compost (Nemiroff 
& Patterson, 2007). 
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Figure 30 Compost Bin (Smith & Hawken) 
Not only does this program reduce the quantity of waste diverted to New England’s 
landfills, but also can provide athenahealth with fertilizer for the campus’ variety of vegetation. 
We recommend that athenahealth develop a pet waste composting program for their new campus 
because it provides numerous benefits for the environment and athenahealth.  
5.2.2 Consider Alternative Road De-icing Methods 
While the focus of this project was on phosphorus, our results revealed another prominent 
constituent in the athenahealth stormwater: chloride. At many commercial locations, chloride 
concentrations can be high in the winter time due to the use of road salt. Site visits revealed both 
road salt and road sand being used on-site as de-icing methods. These materials, while effective, 
can heavily contaminate stormwater runoff. Thus, one of our recommendations for the land use is 
to consider the use an alternative material in replacement of, or in conjunction with conventional 
road salt and road sand in order to reduce the potential for stormwater contamination. 
Rather than using salt, a number of other materials such as sand, crushed shale or slate, 
brine, molasses, calcium magnesium, or Eco Traction can be used (Canadian Broadcasting 
Corporation, 2013). While sand is a better alternative in terms of reducing chloride concentrations, 
due to contamination from the source, sand can increase the potential for phosphorus within 
stormwater. Another alternative would be to utilize pre-wetting agents such as Ice-Ban to reduce 
the overall quantity of salt and sand needed to de-ice the roads.  
5.2.3 Create Educational Signage 
Educational signage is a simple and inexpensive way to promote positive behaviors that 
reduce the potential for stormwater contamination at athenahealth. Educational signs can be placed 
throughout the athenahealth site regarding the risks that litter and uncollected pet waste pose to 
pollution of the Charles River.  
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Another key place for educational signage is near proposed stormwater management 
features on-site. Appendix F contains examples of such educational signs at a site in Missouri that 
explain rain gardens and pervious pavement (Watershed Committee of the Ozarks, n.d.).  
5.3 Recommendations for Future Research 
5.3.1 Conduct a Comprehensive Stormwater Study 
The stormwater study conducted for this project involved one sample collection, and a 
number of tests for total and dissolved phosphorus. While this data was useful for estimating 
phosphorus loading on-site, further research is needed in order to gain a full picture.  
Phosphorus concentrations in runoff vary greatly by season, especially for a site like 
athenahealth, where the summer seasons promote farmers markets’, frisbee golf, and additional 
pets on campus. If a comprehensive stormwater study would be useful to Stantec, we recommend 
that the company hire an external lab or sponsor a year-round MQP team who can sample 
throughout the year, rather than only in the winter quarter. 
5.3.2 Future Research with WPI for Comprehensive Analysis 
There have been numerous limitations with our analysis, one of the most prevalent being 
the stormwater quality analysis, which relied upon single-storm samples. Not only is the data 
limiting, but the seasonal weather and heavy salt use in the winter months directly affected the 
testing methodology as some of WPI’s lab equipment could not handle the extensive salt loads 
from the first flush.  
Thus, the team recommends follow-up research to monitor and test pollutant 
concentrations over a longer period. This could be a series of MQPs over the years of the 
athenahealth redevelopment, or a graduate-level research project. It would be useful for these 
projects to monitor and test pollutants concentrations over a longer period. This research’s primary 
focus would be to analyze stormwater runoff from the various surfaces on the site and the effect 
of stormwater management techniques commonly used by Stantec to treat for phosphorus or other 
various pollutants in the Greater Boston area. These MQP or graduate students would be able to 
monitor seasonal changes to phosphorus on site and removal efficiencies by treatment strategies if 
available. In a similar manner, these project teams would be better prepared to sample from 
structures and may be able to coordinate sampling from the underground system, which was a 
limiting factor in this report.  
These projects would compile more accurate phosphorus removal rates found from the the 
research that Stantec would be able to utilize in future Stormwater Reports for projects around the 
Boston area. These rates would further validate Stantec’s estimates as EPA regulations shift to 
include nutrient removal in stormwater management.  
 Further research of the site post-development as well as a more extensive analysis of stormwater 
runoff on site is also recommended in order to develop the SD model into a work tool for accurately 
predicting the effects of changes in specific variables on the overall runoff phosphorus load. 
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6.0 Conclusions 
 After completing the background research and methodology outlined in this report, the 
team arrived at a few conclusions regarding Stantec’s stormwater management plan for the 
athenahealth site: 
● The proposed stormwater management plan will efficiently manage phosphorus at the 
athenahealth site. However, improvements such as the implementation of insertable catch 
basin filters and additional vegetative swales can reduce the phosphorus treatment burden 
on the subsurface infiltration treatment systems. We also recommend the recycling of 
rainwater for positive reuse, and the design of biofilter media that will naturally treat 
phosphorus more efficiently.  
● The focus of this project was on phosphorus contamination alone, and thus, the 
recommendations proposed were made in relation to reducing phosphorus from stormwater 
runoff. However, stormwater runoff often contains many other constituents that can pose 
harm to the water quality of the Charles River. While some recommendations are better for 
reducing phosphorus, they may not be the better fit for removing other components such 
as suspended solids, salts, metals, or organic hydrocarbons. 
● Stormwater sampling on-site revealed concentrations of phosphorus that are typical for 
urban runoff in the wintertime. However, further, more comprehensive sampling and 
testing will be required to more accurately assess the stormwater composition for the site 
year-round.  
● athenahealth has great programs in place for employees, and maintains their campus well. 
Implementation of a pet waste composting program, installation of educational signage, 
and the utilization of alternative road de-icers can reduce the quantity of phosphorus, and 
other contaminants, that human activities create.  
 
Stantec met and exceeded the needs of the team in completing this project. The company’s 
staff and resources added incalculable value to the project. We recommend that Stantec sponsor 
future MQP teams, for continued research of phosphorus during or after the athenahealth 
redevelopment, but also so that additional WPI Civil & Environmental engineering majors may 
learn and grow from the MQP experience with Stantec.  
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Abstract 
Phosphorus concentrations in the Charles River have risen unacceptably due to 
stormwater pollution from human activity and urbanization. Increasing pressure from the EPA 
has resulted in new phosphorus regulations. Stantec needs to prepare for the growing demand for 
phosphorus mitigation projects in Boston and this project will support the company through 
investigation of best management practices for stormwater management. This project will also 
assist Stantec in developing a stormwater management plan by designing phosphorus treatment 
techniques for a redevelopment project in Watertown, a municipality directly along the Charles 
River.  
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Capstone Design Statement 
In order to fulfill the requirements set forth by the Accreditation Board for Engineering 
and Technology (ABET), Worcester Polytechnic Institute (WPI) requires students to complete a 
Major Qualifying Project (MQP). In accordance to ABET Criterion 5 requirements, “students 
must be prepared for engineering practice through a curriculum culminating in a major design 
experience based on the knowledge and skills acquired in earlier course work and incorporating 
appropriate engineering standards and multiple realistic constraints”. To address this, the team 
will design phosphorus treatment and/or removal techniques for stormwater runoff on a 30-acre 
site under redevelopment in Watertown, MA. Through this design the project will meet the 
ABET realistic constraints as follows: 
 
Economic: 
Upon analysis of stormwater runoff and phosphorus loading on the Watertown site, the 
team will determine the most cost efficient treatment technique(s) for phosphorus reduction. 
These techniques may be used independently or in conjunction as thus need to be analyzed for 
cumulative costs and efficiency. 
 
Environmental: 
The underlying goal of this project is to reduce phosphorus contamination of stormwater 
that discharges into the Charles River. Stormwater contamination by phosphorus is the first step 
in a chain of environmental degradation resulting in decreased oxygen concentration for animal 
life and an increase in toxins in river flow. In sluggish water systems such as the Charles, toxins 
are persistent, compounding their effects on the environment. The interaction between 
phosphorus sources and the environment, both natural and constructed, will be considered within 
the team’s methodology. 
 
Ethical: 
This project will comply with the American Society of Civil Engineers Code of Ethics. 
Following the Fundamental Principles and Canons, the project team will endeavor to provide 
Stantec with the best possible recommendation for phosphorus treatment and/or removal while 
holding impartiality between them and their clients. Further, at no time will the team engage in 
or be complicit to dishonest activities and will hold ourselves to the standards set by WPI and 
any laws of a governing body.  
 
Health and Safety: 
The Charles River has had a history of contamination and toxic streamflow. The 
phosphorus treatment design and analysis aims to reduce this hazard to humans and wildlife 
downstream, improving health and safety for all users of the river.  
 
Manufacturability:  
Manufacturability, or constructability, will be a key design component for the analysis of 
the varying phosphorus and stormwater treatment techniques. Investigations between treatment 
techniques used in tandem or independently will be contingent on site limitations and costs for 
construction to favor the most cost-efficient options available.  
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Sustainability:  
This project will analyze all treatment techniques for long term sustainability. The 
looming threat of global climate change has led to a reevaluation of sustainability worldwide, 
and it is no different with the proposed project. Phosphorus reduction is one part of the 10-year 
Master Plan Stantec has been tasked to develop for the site and the treatment techniques 
proposed by the team will meet or exceed this outlook while accounting for increased variability 
in the future environment. 
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1.0 Introduction 
The Charles River is one of Boston’s greatest natural assets. However, urbanization over 
the past century has had detrimental effects on the river, most notably increasing amounts of 
pollution from stormwater runoff. The Charles River Watershed Association (CRWA) has 
documented unacceptably high concentrations of phosphorus in the Charles River. The 
Environmental Protection Agency (EPA) has utilized the CRWA records to monitor and develop 
regulations under the National Pollutant Discharge Elimination System (NPDES). The NPDES 
allows the EPA to set Total Maximum Daily Load (TMDL) for contaminants such as 
phosphorus.  
Stantec is an international company with offices in Boston, managing a variety of 
projects, from industrial and residential developments to airports and roads. In the coming 
decade, one of these projects includes the redevelopment of a 30-acre industrial and commercial 
site in Watertown, MA, a town that lies directly along the Charles River. One aspect of Stantec’s 
contract for the redevelopment is a stormwater management plan.  
Today, Stantec needs a centralized document of best management practices for 
stormwater runoff management and mitigating phosphorus pollution. This research will not only 
be useful for the Watertown site, but also could be applied to future projects. As stringent 
environmental regulations loom in the future, Stantec must be prepared to address the influx of 
projects from potential clients in the Charles River Watershed Region that focus on mitigation of 
stormwater contaminants such as phosphorus. 
This project is intended to support Stantec in developing a stormwater management plan 
for the Watertown site through design and analysis of a mathematical model for stormwater flow 
and phosphorus treatment strategies designed to meet particular loading conditions. The 
secondary goal of the project is to prepare Stantec for the future demand of phosphorus 
mitigation projects. Stantec’s aptitude for addressing new regulations for their projects will give 
them a competitive edge for gaining more clients and developing innovative treatment 
technologies and strategies. The following sections of this report will give a brief background 
into phosphorus contamination in stormwater along the Charles River as well as the 
methodology for how the team will analyze different phosphorus treatment techniques that 
Stantec can implement for their clients.  
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2.0 Background 
The purpose of this section is to provide the reader with the necessary background 
information to understand the selected research methods. This report will discuss the following: 
the history of the Charles River and its management till its appearance today, the risks for its 
health in the future, sources and effects of phosphorus pollution on the ecosystem and society, 
and lastly best management practices for treatment and prevention of phosphorus contamination. 
2.1 Overview of the Charles River 
The Charles River is an iconic feature to the Greater Boston region. From its source at 
Echo Lake in Hopkinton, the Charles meanders through 23 communities along a 70-mile [LS1] 
course before it comes to an end at Boston Harbor, making it the longest river entirely in the 
Commonwealth (USGS, 2007; CRWA, 2015). Some 35 communities total make up the Charles 
River Watershed’s (CRW) three basins; the Lower, Middle, and Upper Charles River Watershed, 
with a total population of about 1 million (USGS, 2007). Not only is this region one of the top 10 
most populated areas in New England, it is one of the oldest industrialized areas of the country 
arising from the Charles River as a source of fresh water and power for the early Boston Area. 
The City of Watertown stands at the entrance to the Lower Watershed, as shown in Figure 1, 
before the Charles begins it meandering path through the inner city area where some of the most 
notable pollution in its history took place. 
2.2 Brief History of the Charles 
Max Hall aptly named the Charles as the People’s River in his 1984 book due to its heavy 
manipulation and reconstruction for service to the public which came at a cost to its health and 
overall water quality. The first dams were constructed on the Charles at the same time the 
foundations for the city of Boston were formed. By the 20th century, mills and dams dotted the 
riverside as industry searched for sources of power with as many polluters contaminating the 
waters (CRWA, 2015). The 1930’s construction of the Quabbin-to-Boston water supply opened 
up new potential for dense population growth in the Boston Area. This growth, along with 
previous industrial development, surpassed the Charles’ ability to treat the domestic, municipal, 
and industrial waste discharge which flowed directly into the river in most cases. The 1960’s 
brought both drought and realization as the Charles River ran pink and brown due to the vastly 
superior waste discharge over its natural flow, leading to extremely toxic waters (CRWA, 2015). 
As the population began to see the effect of decades of pollution and misuse, support to river 
management and environmentalism condensed.  
In July of 1965, the Charles River Watershed Association (CRWA, 2015) was formed in 
reaction to public outcry to the Charles’ toxic waters. Since its foundation the CRWA has served 
as an integral organizational body for management of the Charles and lead cleaning efforts. 
Backed by the Environmental Protection Agency (EPA) and the Clean Waters Act (CWA) of 
1972 which set limits on discharges into surface water bodies, the CRWA has successfully 
improved the quality of the water for both aquatic life and man. Today over 74% of the Charles 
has been deemed safe for swimming year-round and migratory fish can be found again in the 
waters (CRWA, 2015). 
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Figure 1 Map of Lower Charles River Watershed 
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2.3 Urban Population Growth & Land Use Change in the CRW   
Though there have been gains in the last few decades for water quality and management 
of the Charles, future threats to a healthy ecosystem remain. Despite improvements to 
management practices, stormwater discharge in particular threatens the health of the Charles. 
The past era of rapid development left behind a polluting and aging infrastructure that, if carried 
into the new century, will lead to increased pollutions especially in the lower Charles River.  
Moving forward in the 21st century, Massachusetts as a whole will see shifts in 
development and growth favoring urbanization; more land will go under development and 
population growth will favor the cities. These effects of urbanization will play a central role in 
the future of the Charles River Watershed. The Metropolitan Area Planning Council (MAPC) has 
identified growth trends which match to the regional boundaries of the upper, middle, and lower 
watersheds. The Upper Watershed is largely composed of developing suburbs expected to have 
low to negative growth changes due to favoring city housing while some 47% of vacant land is 
to go under development (MAPC, 2008; Carlson et al, 2008). The Middle Watershed is made up 
of maturing communities with a moderate population growth rate of 11% and little land use 
change in the future (MAPC, 2008). The Lower Watershed is largely inner core communities 
with nearly no vacant land available for development but will experience regionally large 
population changes due to favorable housing (MAPC, 2008; MAPC, 2014). The need for 
housing will carry into a demand for redevelopment of unused industrial and commercial 
properties of the past that may have lingering pollutants in the soil which will be exposed to 
runoff and carry into the Charles. 
2.4 Regulating the Waters  
The EPA is the permitting authority for all stormwater discharges in Massachusetts which 
are considered point source discharges. Using the National Pollutants Discharge Elimination 
System (NPDES) Stormwater Program, the EPA regulates discharges from Municipal Separate 
Storm Sewer System (MS4s), construction activities, and industrial activities.  Phase I of the 
stormwater program made the permit requirement mandatory nationwide for urban areas with 
populations exceeding 100,000, some industrial activities, and large construction activities.  
Phase II extends the NPDES program to MS4s in “urbanized areas” which require the affected 
municipalities to develop and implement six “minimum control measures” that identify and 
address the problems specific to each system.   
The six minimum control measures are the different ways to approach the problem of 
stormwater pollution that municipalities must use to receive the Phase II permit; they are: public 
education, public education, illicit discharge detection and elimination, construction site runoff 
control, port-construction site runoff control, and pollution prevention.   
2.5 Sources and Effects 
Phosphorus comes from many sources, both natural and human-made. This section will 
describe the sources of phosphorus in all water bodies, as well as the effects of phosphorus 
pollution on the Charles River and New England. 
2.5.1 Stormwater 
Stormwater runoff is one of the most significant sources of phosphorus in water systems 
today, and is at the heart of this project. Stormwater from public collection systems and 
uncollected runoff can both contribute to phosphorus pollution. 
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Stormwater can be collected during precipitation events in a number of ways. Many 
residential and urban areas have engineered stormwater systems to collect stormwater and 
convey it to a wastewater treatment plant. Treatment plants can then remove a portion of the 
phosphorus prior to discharge. However, some communities have combined sewer overflow 
systems (CSO’s) for both stormwater and sewage. During periods of severe precipitation, many 
of these collection systems can overflow, and the stormwater, and sometimes raw sewage, can 
run into surface water sources or infiltrate into groundwater sources (Carpenter et al, 1998). 
Though many efforts have been made to close and separate CSO’s by the MWRA, 14 such 
facilities still contaminate the river during heavy precipitation in the Lower Watershed alone 
(Kubiak et al., 2014).   
Many rural areas of the United States do not have formal stormwater collection systems. 
Runoff in these areas can be more significant than that of a developed area with a collection 
system because the stormwater flows directly into a surface water source or infiltrates directly 
into the groundwater without opportunity for treatment. For rural agricultural or industrial 
regions, the phosphorus content in the stormwater has proven significant.   
2.5.2 Sources 
Below in Tables 1 and 2 are lists of primary point sources and non-point sources, 
respectively, of phosphorus in urban areas.  
Table 1 Point Source of Phosphorus in Urban Environments 
Source Pathway to water 
body 
Residential waste: human waste, food, detergents, soap Treatment plant 
effluent 
Industrial waste: detergents & cleaning products, food & chemical industry 
waste 
Treatment plant 
effluent 
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Table 2 below lists a summary of primary nonpoint sources of phosphorus in urban areas.  
Table 2 Nonpoint Sources of Phosphorus in Urban Environments 
Source Pathway to waterbody 
Soils, sediments, rocks Dissolves into groundwater, erosion into surface 
water 
Fertilizers Stormwater runoff 
Pet waste Stormwater runoff 
Septic waste Infiltration into groundwater 
Automobile maintenance: Oil leaks, soaps and 
detergent  
Stormwater runoff 
Residential waste: paint, chemicals, litter Stormwater runoff 
Fuel combustion Atmospheric deposition 
Quarrying, plowing, construction Atmospheric deposition 
2.5.3 Effects 
The most notable effect of phosphorus pollution in the Charles River is eutrophication. 
The root of eutrophication is the fact that phosphorus is a nutrient that plants and biological 
organisms need to survive. In many aquatic systems, phosphorus is the limiting nutrient and its 
concentrations regulates the populations of microbial species. 
Phosphorus pollution causes the populations of algae and cyanobacteria, bacteria which 
photosynthesizes, to exponentially increase. Growth of these organisms causes a blue-green film 
of algae to form and cover the surface of the water, which reduces the ability of other aquatic 
plants to photosynthesize. Figure 2 below shows the physical impact of the growth of these 
organisms on the water body (NOAA, 2008.). 
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Figure 2 Impacts of Eutrophication 
Eutrophication also affects the water source chemically. Rapid algae and bacteria 
population blooms are succeeded by rapid mortality rates of these species. The biological 
decomposition of these organisms is a process that consumes oxygen, and the impact of this on 
water sources is hypoxic conditions (NOAA, 2008). Almost every aquatic species needs 
dissolved oxygen to survive, so the hypoxic conditions caused by eutrophication further damage 
surface water ecosystems by increasing mortality rates of other organisms. 
In addition to the environmental effects of phosphorus pollution, there are also significant 
socioeconomic impacts. The Charles River cannot currently be used as a drinking water source, 
even with extensive treatment. Because of pollution, water for the greater Boston area comes 
from up to 65 miles away in the state’s protected Quabbin and Wachusett Reservoirs (MWRA 
n.d.), which can be costly and inefficient. The Charles River could be a viable alternative source 
if phosphorus pollution could be reduced. 
Eutrophication also reduces the Charles River’s opportunities for recreation. Only 74% of 
the river is suitable for swimming today (CRWA, 2015) and seasonal recreational activities are 
often limited to boating. Historically, the river has had a lack of fish due to hypoxic conditions, 
so recreational fishing is only slowing making a reappearance (CRWA, 2015). 
2.6 Best Management Practices 
In regards to stormwater management, Best Management Practices (BMPs) may include 
engineered control systems and devices, as well as practices and methods of operation, which are 
implemented to treat or prevent the pollution of a waterbody.  It is difficult to accurately predict 
the ability of certain BMPs to reduce phosphorus pollution of stormwater, due to the lack of 
efficiency data as well as the variability of the cases in which they have been implemented.  In 
Table 3 is a description of the six common control measures for stormwater pollution, which 
specify various approaches to the selection of BMPs.  
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Table 3 Control Measures for Reducing Phosphorus in Stormwater 
Control Measure Description 
Public Education Educating the public to increase awareness of practices that cause phosphorus 
pollution is a key step for reducing nonpoint sources. 
Public Involvement Involving the community in runoff management helps people become more 
invested in protecting water sources from pollution.  
Illicit Discharge 
Detection and 
Elimination 
Illicit discharge is that which flows directly to storm drains. Auditing these 
sources and assisting operators with setting goals and education programs can 
reduce the quantity of illicit discharge contribution of phosphorus.  
Construction In construction, the primary source of phosphorus is the sediment. Dust 
control, erosion control and protection of stormwater drains can help reduce 
phosphorus pollution.  
Post-Construction After construction, the new impervious area increases the quantity of runoff. 
Adding vegetation or zoning ordinances can help reduce the effect of this on 
water supply.  
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3.0 Methodology 
The purpose of this project is to investigate the effectiveness of best management 
methods to remove phosphorus from the stormwater stream and prepare Stantec for future 
projects that will have to adhere to new phosphorus regulations. Stantec is working on the master 
plan for a 30-acre redevelopment project that will need an extensive stormwater management 
plan, as it is located along the Charles River in Watertown.  
Our project methodology is twofold: to gain a comprehensive understanding of 
phosphorus at the Watertown site and conventional treatment techniques for how it is managed 
elsewhere, and second, to design a stormwater plan including specific treatment techniques that 
will fit the dynamics of the site. We will accomplish these two overarching directives through the 
following objectives: 
1. Compile environmental and phosphorus contamination data for the Lower Charles 
2. Conduct an analysis of existing best management practices and treatment techniques 
for phosphorus management 
3. Establish a phosphorus inventory for the Watertown redevelopment site 
4. Design a system dynamics model for the Watertown site 
5. Compare existing treatment technologies using a cost-benefit analysis method 
6. Design a stormwater runoff model for phosphorus treatment techniques on the 
Watertown site 
This chapter will describe the approach to research, analysis methods, and 
implementation steps of each objective. These objectives are intended to be repeatable for other 
sites so that they may be applied to Stantec’s future projects requiring phosphorus treatment or 
stormwater management. 
3.1 Environmental and Phosphorus-contamination Trends 
We will work to understand the extent of the current phosphorus contamination in the 
Lower Charles and the variables that lead to seasonal trends in phosphorus concentration, and 
how the surrounding environment contributes to the phosphorus loading. 
We will accomplish this objective by compiling and analyzing phosphorus loading data 
collected by the Charles River Watershed Association (CRWA) and USGS maps and then 
assembling this data in ArcGIS. The CRWA collects water samples monthly from the Charles 
River and analyzes it for several contaminants including phosphorus on a quarterly basis. They 
then publish this data for academic and planning use. The CRWA’s data is particularly useful as 
it lists precipitation and other major environmental factors which affect water quality preceding 
sampling and has tracked phosphorus loading from 1996 through 2014. Their sampling method 
is described in Appendix A. USGS surface and subsoil data along with rainfall predictions allow 
for phosphorus loading rates due to runoff to be predicted. Runoff, as stated previously, 
contributes significantly to stormwater quality and flow, and future environmental changes 
indicate runoff is expected to increase seasonally leading to increases in phosphorus loading. By 
combining this data visually using ArcGIS, regional trends and variations will become apparent 
and will be used in conjunction to the field inventory to predict the phosphorus loading on the 
Watertown site. 
Limitations to these methods lie with the sampling methods of the CRWA as well as 
inherent uncertainty in forecasting future rainfall and runoff values. The sampling methods 
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employed by the CRWA changed in 2009 to reduce contamination risk. Laboratory analysis 
follows the MWRA standard operating procedure which follows good practice procedures. 
Rainfall predictions will utilize credible sources, accepted by the scientific community and 
follow good practices. 
3.2 Analysis of Current Phosphorus Treatment Techniques 
The knowledge the team will strive to gain from this objective is a comprehensive 
understanding of existing treatment techniques for phosphorus removal and an analysis of their 
efficiencies. This information is useful for this particular project because it will be used in the 
development of the stormwater management plan at the Watertown site. Additionally, this 
information is useful for preparing Stantec for future phosphorus mitigation projects in the 
Charles River Watershed.  
In order to complete this objective, will complete the following tasks: 
1. Conduct a literature review on existing phosphorus treatment technologies 
2. Conduct a literature review on best management practices for preventative 
stormwater contamination measures 
3. Compile all information into a centralized document for Stantec 
4. Analyze the factors that determine the efficiency of the treatment technique for 
phosphorus removal 
One limitation of this objective is the accuracy of efficiency data. Many treatment 
technologies have broad ranges of removal efficiency, and it may be difficult for the team to 
pinpoint the precise value for the efficiency. To address this limitation, we will seek information 
from multiple reputable sources to narrow the precision of various treatment technologies as 
much as possible 
3.3 Phosphorus Inventory at Watertown Site   
The knowledge the team hopes to gain from this objective is an inventory of phosphorus 
sources within the Watertown site. This information is useful to Stantec because in the 
redevelopment of this site, Stantec professionals will be able to create an effective stormwater 
management system to mitigate phosphorus contamination. This will not only assist with 
compliance to new regulations as they are enacted, but also will demonstrate to clients Stantec’s 
awareness of environmental challenges and capability to mitigate environmental impacts of 
projects.  
An environmental inventory is a comprehensive listing of sources of a pollutant. We will 
conduct the following steps to develop an inventory of phosphorus sources in stormwater runoff: 
1. Identify likely significant sources of phosphorus at the site 
2. Investigate hydrologic pathways for each source to determine the potential for 
stormwater contamination 
3. Propose techniques or treatments in a phosphorus contamination mitigation plan 
In order to identify all sources of phosphorus at the site, we will research sites with 
similar industries and purposes to investigate stormwater management plans and gain a 
background in potential sources. We will also conduct site visits as needed to speak with 
operational managers at each industry to gain more information on sources of phosphorus within 
industrial processes. With these interviews and visual inspections of the site, we will continually 
revise the site’s phosphorus inventory.  
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For investigating the phosphorus sources’ hydrologic pathways, we will research existing 
studies that have been conducted on similar sites. Additionally, we will be able to gain this 
information from interviews with site personnel to determine where their stormwater goes and 
how it is managed.  
After conducting a literature review on treatment techniques, their efficiencies and costs, 
we will be able to propose the most appropriate methods for phosphorus removal from 
stormwater as well as techniques to prevent contamination altogether. A comprehensive 
mitigation plan will include both preventative strategies as well as corrective strategies. 
The primary limitation for this objective will be access to industries. Companies located 
on the site may not be willing to provide us with information regarding sources of phosphorus 
within their processes, which will limit the extensiveness of our inventory. To address this 
limitation, we will utilize our Stantec liaison to contact these industries and ensure that we are 
delivering the purpose of our research in a clear way. 
3.4 System Dynamics Model of the Watertown Site 
System dynamics (SD) is an interdisciplinary field that aims to account for the variability 
in the real world.  Rather than defining a process or system within the narrow framework of a 
single discipline, such as economics or sociology, we will take a bottom-up approach to 
modeling the processes that impact stormwater.  In our model, human activity will be only one of 
the subsystems that make up the larger system (the 30-acre site).  We will attempt to account for 
as many significant variables as possible and identify the factors which regulate such variables in 
the real world.  This will create a framework by which one may develop technical, 
socioeconomic, political, and budgetary uncertainty analysis of any proposed system of 
stormwater runoff treatment or contamination prevention. 
The methodology for developing a SD model is well-established (Forrester, 1961).  The 
first step is to define the problem by identifying as many significant variables that define the 
problem over time (Stave, 2003).  We will do this by summarizing water quality data along the 
Charles River adjacent to the development site and the trends of the area over the past decade.  
We will then further describe the system by identifying the structure of the system in terms of the 
elements that comprise it, how they relate to each other, and how the system relates specifically 
to the net water quality of the runoff from the site.  Our focus here will be on contamination of 
stormwater runoff and common sources of phosphorus pollution.  As our understanding of the 
unique complexity of the system, the underlying structure will become more evident and we will 
be able to form a dynamic hypothesis.  We will next develop our SD model by representing our 
dynamic hypothesis as a set of stocks and material and information flows. The stocks and 
material in the SD model will represent flow rates for water and phosphorus specifically 
throughout different stages of the system. This stage will be done using modeling software for 
dynamic systems, such as VENSIM.  Through a method of trial and error we will run possible 
scenarios through a ‘time-step’ simulation.  This will be the most intensive step of the process, 
and case studies in the literature will help inspire ideas when developing our SD models. 
3.5  Cost-benefit Analysis of Treatment Technologies 
Traditional cost-benefit analysis (CBA) is a widely used tool for selecting technologies or 
methods from a range of possible options.  Using a CBA we will systematically and 
quantitatively compare various phosphorus treatment technologies.  For our purposes, the steps 
of a CBA are: (1) to list alternative treatment technologies, systems, devices and methods for the 
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removal of phosphorus from stormwater, (2) to measure all of the costs/benefits of each 
alternative and predict the outcomes of all costs/benefits over time, (3) to convert all 
costs/benefits into a common unit or ‘currency’, (4) to calculate the net value in the common unit 
of each alternative, and (5) to recommend the best alternative(s) for implementation (Broadman, 
2006).  The common unit that we will use to compare treatment technologies and methods for 
the removal of phosphorus from stormwater will be the total cost (USD) of each alternative to 
remove an equivalent amount (mass, or mass/volume) of phosphorus from polluted stormwater.  
The total cost of each alternative includes the capital costs (first-order) for developing and 
installing the necessary infrastructure, the (second-order) costs of operating and maintaining the 
necessary equipment as well as labor, and peripheral (higher-order) costs such as spills and other 
risks related to each alternative.  Table 4 lists examples of different considerations and variables 
which will affect either capital costs or operational and maintenance costs of possible 
alternatives 
Table 4 Cost of Phosphorus Treatment Techniques 
Capital Costs (first-order) Operational & Maintenance Costs (second-order) 
Retrofit or expansion of technology selected Cost of chemicals, electricity, labor, etc. 
Flexibility of current facility design The amount of automation 
Availability of expansion space Number of chemical addition points 
Separate storage tanks for secondary and primary sludge (particularly 
for EBPR facilities to consider for control of recycle loads) 
Costs associated with 
additional sludge handling 
Treatment of recycle flows Use of a fermenter 
Addition of new fermenters Facility size 
The amount of automation  
Facility size (economies of scale)  
 
Although a CBA can be an effective tool for comparing the monetary value of possible 
alternatives, it generally ignores the costs and benefits to outside entities and primarily serves the 
stakeholders.  That is, a CBA which is used by a company to evaluate technology alternatives 
analyzes the total costs and benefits to the company.   
Stormwater contamination is a problem which is part of, and affects, many complex and 
interrelated types of systems: environmental, ecological, geographical, economic, political, 
societal, engineered systems (e.g. drainage networks and treatment facilities), etc.  This 
complexity requires an approach that goes beyond a traditional CBA and avoids the kinds of 
short-sighted decisions that often result from a general lack of systems thinking.   
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3.6 Mathematical Stormwater Runoff Model for Watertown Site 
The team will develop a mathematical model to predict the dynamic flow of runoff on the 
Watertown site, estimating the volume and rate demands for phosphorus removal by different 
treatment techniques. By knowing the flow dynamics, specific treatment techniques can be 
selected and designed for optimal removal of phosphorus for investment costs. 
This goal will be accomplished by utilizing a software program presently available 
publicly that utilizes the Soil Conservation Service (SCS) Runoff Curve Number Method as 
specified by the Natural Resource Conservation Service (NRCS) Technical Release 55 (TR-55). 
TR-55: Urban Hydrology for Small Watersheds provides the methodology for predicting runoff 
volumes from the surface and soil conditions in a watershed and rainfall rates. Surface and soil 
makeup will be determined from site inspections during the phosphorus inventory 
aforementioned. Rainfall data will be taken from historical and predicted data made available 
publically by the Northeast Regional Climate Center (NRCC) and the Applied Climate 
Information System (ACIS). The specific software program selected will depend on Stantec’s 
resources and future needs which will be determined through open discussion with the liaison. 
SCS method allows the simplest means to predict runoff after analyzing surface 
conditions and utilizing rainfall predictions. Other methods require known values for time of 
concentration, “the time for runoff to travel from the hydraulically most distant point of the 
watershed to a point of interest within the watershed,” or a designated path of travel and 
measured flow velocity (NRCS, 1986). Due to the length of the MQP and the seasonal 
conditions, these methods will be impractical due to the improbability of optimal rainfall and 
measurements.   
The limitations of the SCS Runoff Curve Number Method lie with the specific conditions 
necessary to model runoff. This method utilizes an initial abstraction term to estimate the effects 
of initial infiltration, surface depression storage, evaporation, intercepted by vegetation, etc. 
(NRCS, 1986). This term can be adjusted and improved through analysis of the actual conditions 
of the site’s watershed. Also, this method is limited to only surface runoff with rain over 
unfrozen ground and runoff greater than .5 inch (NRCS, 1986).  
3.7 Tentative Project Work Schedule 
For our project we will follow the tentative work schedule shown in Figure 3. The Work 
Schedule is broken into two parts; the project work and the report writing schedule. The project 
work begins on the 14th of January and follows a pattern similar to the aforementioned 
methodology. The project work is intended to be completed two weeks prior to the completion of 
the term in order to give some leeway for unforeseen contingencies. Similarly, the lengths of 
some tasks have been overestimated to account for feedback from Stantec that would influence 
our results. The Report Writing Schedule follows a similar pattern which extends from the 
beginning of the winter term breaks to the end of the project term.
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Figure 3 Project & Report Schedule
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Appendix B: Inventory Calculations 
Site Phosphorus Loading Estimation 
 Phosphorus loading = �(𝑅𝑅𝐿𝐿𝐿𝐿𝑅𝑅) ∗ (𝑅𝑅𝑅𝑅𝑅𝑅𝐶𝐶𝑅𝑅𝑅𝑅 𝑅𝑅𝐶𝐶𝑅𝑅𝑙𝑙𝐿𝐿𝑅𝑅𝑙𝑙 𝐿𝐿𝑅𝑅𝐶𝐶𝐿𝐿)𝑝𝑝
𝑥𝑥=1
 
 
 
 
Fertilizer  
 
MA fertilizer purchased annually (EPA 2011):  2,744,000 kg (as phosphorus pentoxide) 
       1,207,360 kg as solely phosphorus  
Size of Massachusetts:    6,754,900 acres 
 
Average phosphorus from fertilizer applied in MA: 
 1,207,360 𝑘𝑘𝑙𝑙6,754,900 𝑅𝑅𝐶𝐶𝐿𝐿𝐿𝐿𝐶𝐶 = 0.179 𝑘𝑘𝑙𝑙 𝑅𝑅𝐶𝐶𝐿𝐿𝐿𝐿�  𝐶𝐶𝑜𝑜 𝐼𝐼ℎ𝐶𝐶𝐶𝐶𝐼𝐼ℎ𝐶𝐶𝐿𝐿𝐶𝐶𝐶𝐶 𝑅𝑅𝐼𝐼𝐼𝐼𝑅𝑅𝐿𝐿𝐿𝐿𝑙𝑙 
 
 
 
Watertown Site: 0.179 𝑘𝑘𝑙𝑙 𝑅𝑅𝐶𝐶𝐿𝐿𝐿𝐿� × 29.5 𝑅𝑅𝐶𝐶𝐿𝐿𝐿𝐿𝐶𝐶 = 5.281 𝑘𝑘𝑙𝑙 𝑦𝑦𝐿𝐿𝑅𝑅𝐿𝐿�  
Pet Waste 
 
Dog manure:     0.25% Phosphate (Nemiroff & Patterson, 2007) 
Average dog waste produced:  0.75 lbs/day (Go Pets America, n.d.) 
Average # of dogs at athenahealth: unknown 
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0.25100 × 0.75 𝑅𝑅𝑙𝑙𝐶𝐶 𝐿𝐿𝑅𝑅𝐶𝐶𝐶𝐶𝐿𝐿𝑙𝑙𝑅𝑅𝑦𝑦 = 0.001875 𝑅𝑅𝑙𝑙𝐶𝐶 𝐶𝐶 𝐼𝐼𝐿𝐿𝐿𝐿 𝑙𝑙𝐶𝐶𝑙𝑙 𝐼𝐼𝐿𝐿𝐿𝐿 𝑙𝑙𝑅𝑅𝑦𝑦 
 
Gasoline 
Highest threshold: 0.005 gram/gallon (EPA 1996) 0.005 𝑙𝑙𝐿𝐿𝑅𝑅𝐿𝐿𝐶𝐶
𝑙𝑙𝑅𝑅𝑅𝑅𝑅𝑅𝐶𝐶𝑅𝑅
× 1,000 𝐿𝐿𝑙𝑙
𝑙𝑙
× 𝑙𝑙𝑅𝑅𝑅𝑅𝑅𝑅𝐶𝐶𝑅𝑅3.785 𝐿𝐿 = 1.32 𝐼𝐼𝐼𝐼𝐿𝐿 
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Appendix C: CBA Variable Analysis 
 
Capital and Annual Maintenance Costs for TT’s  
 
The results of our search for capital and maintenance costs have been divided into 
subsections for each technology. while it was rare for a single source to have all the information 
needed for our analysis, a synthesis of each source provided nearly all the information required for 
the analysis for each individual stormwater treatment method for phosphorus. 
Dry Retention/Detention Pond 
 Table 1 summarizes the results of our research into the cost for “dry” detention basins.  
Table 1. Dry detention lifecycle costs and estimates as reported from various sources 
Source YOP  CC   AMC   RC  LS Area (ac) 
NURP (2014) 2011   $ 2,440  $ 3,800 20* 10 max 
UNHSC (2012) 2004  $ 13,700  $ 2,300   1 
UNHSC (2012) 2012  $ 16,500  $ 2,380   1 
Weiss et al (2005) 2004  $ 10,890    1 
 
The various costs tabulated were related into 2015 USD as described in section 3.4.1 and 
4.4.1 as shown in Appendix to determine an average capital cost of $15,750 and an annual 
maintenance cost of $2,620.  
Wet Retention/Retention Pond 
Table 2 summarizes the results of our research into the cost for “wet” retention basins.  
Table 2. Wet Retention lifecycle costs and estimates as reported from various sources 
Source YOP  CC   AMC   RC  LS Area (ac) 
NURP (2014) 2011   $ 19,020  $ 75,600 20* 5 
UNHSC (2005) 2004  $ 13,662    1 
UNHSC (2010) 2004  $ 13,500    1 
UNHSC (2012) 2012  $ 16,500  $ 3,060   1 
Weiss et al. (2005) 2004  $ 22,688  $ 908   5 
The various costs tabulated were related into 2015 USD as described in section 3.4.1 and 
4.4.1 as shown in Appendix X to determine an average capital cost of $16,803 and an annual 
maintenance cost of $3,180. The NURP and Weiss et al. reported values were not used in the 
calculations due to the difference in scale of the analyzed cost estimates. 
Buffers 
Table 3 summarizes the results of our research into the cost for buffers.  
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Table 3. Buffers lifecycle costs and estimates as reported from various sources 
Source YOP  CC   AMC   RC  LS Area (ac) 
NURP (2014) 2011   $ 2,690.00  8-60 years 1 
The NURP report only reported average annual maintenance costs for buffers and so due 
to the space limitations on the Arsenal site and the lack of information an analysis, this treatment 
method will not be considered in the cost analysis.  
Filter Strips 
No cost estimates were found in these reports for filter strips and so no cost analysis was 
able to be done for this treatment method. 
Vegetated/grass Swales 
Table 4 summarizes the results of our research into the cost for grass swales.  
Table 4. Grass swale lifecycle costs and estimates as reported from various sources 
Source YOP  CC   AMC   RC  LS area 
OUT (2013) 2010  $ 18,347.00  $ 500.00  50+ 0.494 
UNHSC (2012) 2010  $ 14,600.00  $ 820.00   1 
The various costs tabulated were related into 2015 USD as described in section 3.4.1 and 
4.4.1 as shown in Appendix G to determine an average capital cost of $15,704 and an annual 
maintenance cost of $650. 
Infiltration 
Table 5 summarizes the results of our research into the cost for infiltration trenches.  
Table 5. Infiltration trench lifecycle costs and estimates as reported from various sources 
 
Source YOP  CC   AMC   RC  LS Area (ac) 
UOT (2013) Trench w/ 
hydrodynamic separator 
2010  $ 45,534.00  $ 1,277.00  50+ 0.494 
UOT (2013) Trench 2010  $ 27,575.00  $ 74.00   50+ 0.494 
UOT (2013) Chamber 
w/ hydrodynamic 
separator 
2010  $ 43,706.00  $ 1,212.00   50+ 0.494 
UOT (2013) Chamber  2010  $ 25,547.00  $ 74.00  50+ 0.494 
Weis et al. (2005) 
Trench 
2004  $ 16,335.00  $ 11,434.50   0.5 
The various costs tabulated were related into 2015 USD as described in section 3.4.1 and 
4.4.1 as shown in Appendix G to determine an average capital cost of $22,376 and an annual 
maintenance cost of $4,003. The UOT cost estimates with the hydrodynamic separator are 
noteworthy due to treatment for stormwater high in suspended solids but not used in the average 
cost estimates due to incompatibility in the analysis.  
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Porous Pavement 
Table 6 summarizes the results of our research into the cost for porous pavements  
Table 6. porous pavement life cycle costs and estimates as reported from various sources 
Source YOP  CC   AMC   RC  LS Area (ac) 
NURP (2014) 2011   $800/mile   varies  14 1 
UNHSC (2010) 2008  $ 14,560.00  $ 750.00   0.12 
UNHSC (2012) 2008   $ 1,000.00   0.12 
UNHSC (2012) 2012  $ 26,600.00  $ 1,080.00   1 
The various costs tabulated were related into 2015 USD as described in section 3.4.1 and 
4.4.1 as shown in Appendix G to determine an average capital cost of $27,570 and an annual 
maintenance cost of $1,110. The cost estimates from the NURP and 2009 UNHSC report were not 
used in the calculations due to inaccurate data for our analysis as well as recalculated costs in the 
UNHSC 2012 Biennial report. 
Permeable Concrete Pavers 
Table 7 summarizes the results of our research into the cost for permeable interlocking 
concrete pavers (PICP’s). 
Table 7. PICP life cycle costs and estimates as reported from various sources 
Source YOP  CC   AMC   RC  LS area 
UOT (2013)* 2010  $ 99,652.00  $ 436.00  $ 72,990.00 30 0.494 
UNHSC (2012) 2010  $ 26,000.00    0.15 
The various costs tabulated were related into 2015 USD as described in section 3.4.1 and 
4.4.1 as shown in Appendix G to determine an average capital cost of $100,170 and an annual 
maintenance cost of $460. The UNHSC cost estimates were scaled to match the UOT estimated 
area in order to calculate the average capital costs for PICP’s. 
Sand Filters 
Table 8 summarizes the results of our research into the cost for sand filters 
Table 8. Sand filter life cycle costs and estimates as reported from various sources 
Source YOP  CC   AMC   RC  LS area 
NURP (2014) 2011   $3,093.00  $ 3,800.00 10* 3 max 
UNHSC (2005) 2004  $ 12,417.00    1 
UNHSC (2012) 2012  $ 15,200.00  $2,810.00   1 
Weiss et al (2005) 2004  $ 38,115.00  $ 1,715.18   1 
The various costs tabulated were related into 2015 USD as described in section 3.4.1 and 
4.4.1 as shown in Appendix G to determine an average capital cost of $15,490 and an annual 
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maintenance cost of $2,763. The Weiss et al capital cost estimate for sand filters was not used due 
to the extreme difference from the UNHSC values.  
Subsurface Gravel Wetland 
Table 9 summarizes the results of our research into the cost for gravel wetlands 
Table 9. Gravel wetlands life cycle costs and estimates as reported from various sources 
Source YOP  CC   AMC   RC  LS Area (ac) 
UNHSC (2005) 2004  $ 22,327.00    1 
UNHSC (2010) 2004  $ 22,500.00    1 
UNHSC (2012) 2008   $2,150.00   1 
UNHSC (2012) 2012  $ 27,400.00  $ 2,140.00   1 
The various costs tabulated were related into 2015 USD as described in section 3.4.1 as 
shown in Appendix G to determine an average capital cost of $27,783 and an annual maintenance 
cost of $2,285. 
Bioretention 
Table 10 summarizes the results of our research into the cost for bioretention systems 
Table 10. Bioretention life cycle costs and estimates as reported from various sources 
Source YOP  CC   AMC   RC  LS Area (ac) 
UOT (2013)* 2010  $ 41,476.00  $  952.00  $ 7,504.00 25 0.494 
NURP (2014) 2011   $ 1,470.00  $ 6,740.00 4* 1 
UNHSC (2005) 2004  $ 25,104.00    1 
UNHSC (2010) 2006  $ 18,000.00    1 
 2007  $ 14,000.00    1 
UNHSC (2012) 2008   $ 1,820.00   1 
UNHSC (2012) 2012  $ 25,600.00  $ 1,900.00   1 
Weis et al 
(2005) 
2004  $ 32,670.00  $ 980.10   1 
The various costs tabulated were related into 2015 USD as described in section 3.4.1 as 
shown in Appendix G. As will be discussed further in section 4.4.2, two averages were determined 
for bioretention systems by a high and low average cost and phosphorus removal efficiency. The 
‘Low Average” bioretention system has an average cost of $23,460 and maintenance cost of 
$1,253 for our analysis and was determined by the UNHSC averages. The ‘High Average’ 
bioretention system has an average capital cost of $41,760 and an annual maintenance cost of 
$1,980 for our analysis and was determined from the OUT, NURP, and Weiss et al cost estimates. 
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Hydrodynamic Separators & Advanced Stormwater treatment Systems 
Many of these technologies are manufactured off-site and can vary greatly in costs based 
on the design flow rate into the system. While our cost estimates tabulated in Table 11 do not 
account for the economies of scale, the units were selected based on comparable design flow rates 
of the other treatment methods. 
Table 12 Hydrodynamic Separators and Advanced Stormwater Systems life cycle 
costs and estimates as reported from various manufacturers’ resources 
Tech YOR CC MC LS Area (ac) 
Filtera 2011 4350 1650 25 .3 
Silva Cell 2015 11785 2342 20 .3 
StormBasin 2014 1250 280 10 .25 
StormPod 2011 1325 280 10 .25 
Bayfilter 2015 7500 300 15 .26 
Imbrium 
Jellyfish 
2010 56000 2500 50+ 1 
ADS 
Infiltration 
2004 50008 2000 50+ 1 
Imbrium 
Stormceptor 
2011 9000 2750 25 .66 
Stormtech 2006 34000 2000 50+ 1 
Aquafilter 2004 31322 2000 50+ 1 
Manufacturer’s estimates are based on average values from a range of prices, thus adding 
some uncertainty to the analysis.  
 
Phosphorus Removal Efficiencies for TT’s 
 
The following section summarizes the removal efficiencies for each treatment method for 
removing phosphorus from stormwater. The Total Phosphorus (TP) removal rate was the most 
common unit reported in analyses of stormwater TT’s and was the target variable for our analysis. 
Overall, there was a wide range of removal efficiencies reported by the scientific community and 
manufacturers for each TT and general agreement between sources were rare. This disagreement 
was often due to the specific environmental and design circumstances that were considered in 
individual reports and will be discussed further in the following sections. 
Dry Retention/Detention Pond 
Though a commonly used volume and flow control method for stormwater, the effect of 
dry detention on total phosphorus content is contentious in the scientific community. Commonly 
reported efficiencies on phosphorus removal and their sources are shown in Table 13 below 
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Source TP % Removal 
UNHSC (2012) NT 
EPA (2008/2010)` 12% 
EPA (1999) 30% 
NCHRP (2014) 39% 
EPA (2004) 10-50% 
 While the UNHSC reported an overall no treatment of TP by dry detention basins in their 
2012 Biennial Report, seasonal variations in the data suggest that TP removal may be near 20% 
during the summer months when vegetation uptake is significant (2012). Minimal TP removal is 
reported during the winter months as many dissolved nutrient pass through the system untreated 
and those attached to particles are more readily removed by the short sedimentation process 
(UNHSC, 2012). In the EPA’s Stormwater BMP Design guide, while there are some instances 
with TP removal greater than 30%, TP removal rates in their analysis centered around 15 and 17% 
(2004).  
 For our analysis, we selected a TP removal rate of 20% for dry detention. This rate is 
representative of the commonly low removal rates seen for dry detention due to a lack of treatment 
for dissolved phosphorus, but the potential for higher TP removal due to sedimentation.  
Wet Retention/Retention Pond 
Another common tool for stormwater management, the retention pond also has varying reports 
on phosphorus removal. A summary of reported values for TP removal is given in table 14. 
Source TP % Removal 
UNHSC (2010/2012) NT 
EPA (2008/2010) 20% 
NCHRP (2014) 41% 
EPA (2004) 50-65% 
EPA (1999) 30-90% 
While the UNHSC center may not have had a test detention pond, the data available for 
their 2-tier retention pond extends through a 3-year period from 2004-2007. During this interval, 
there was no measurable removal of phosphorus by the retention system despite significant effects 
on nitrogen removal (UNHSC, 2009). In particular, their 2012 Biennial report showed increases 
in phosphorus concentration from .09 mg/L influent to .11 mg/L in the effluent (UNHSC, 2012). 
This directly conflicts with federal reports, specifically the NCHRP whose statistical analysis 
shows significant removal of total and dissolved phosphorus by wet ponds (2014). 
For our cost analysis, a TP removal rate of 35% was selected for wet retention ponds. This 
rate is a conservative estimate from of the average minimum removal rate reported in the four 
reports in table XX with measurable TP removal. 
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Buffers 
 Vegetative buffers offer simple solutions to nutrient removal and their efficiency directly 
depend on the width of the buffer and the type of vegetation. Table 15 summarises the effects of 
vegetation and buffer width have on TP concentration (Osmond et al, 2002).  
 
Buffer Width (m) Buffer Type TP % Removal 
4.6 1 Grass 28.5% 
9.2 1 Grass 24.2% 
19.0 2,3 Forest 70.0% 
23.6 4 Grass/Forest 78.5% 
28.2 5 Grass/Forest 77.2% 
1 Calculated from masses of total suspended solids, total N, total P, runoff depth, and plot size (22 x 5 m) from Magette et al. (1989)  
2 Input concentrations from Table 2, Peterjohn & Correll (1984). Nitrogen = Nitrate-N + exch. part. ammonium + diss. ammonium + 
part. organic N + diss. organic N. Phosphorus = part. P + diss. P.  
3 Surface runoff concentrations at 19 m into forest reported by Peterjohn & Correll (1984). N and P constituents same as input (footnote 
2).  
4 4.6 m grass buffer plus 19 m of forest.  
5 9.2 m grass buffer plus 19 m of forest.  
Osmond et al. explains that vegetative buffers offer a solution to sediment-attached 
phosphorus and that, though there is some uptake, most of dissolved phosphorus are not removed 
by buffers (2002). Eventually, as sediments build up and vegetation dies off, the buffer itself may 
become a source of phosphorus as particulate phosphorus trapped in the buffer breaks down and 
lead to a net increase in phosphorus leaving the site (Osmond et al, 2002).  
Due to site constraints in an urban environment, buffers were not considered in the cost 
analysis for potential stormwater treatment methods at the Arsenal site, but may be useful in 
communities with more rural surroundings and less space constraints.  
Filter Strips 
Filter strips leading toward a collection point have been shown to have widely varying 
effects on phosphorus, largely due to the varying dimensions and vegetation that make up the filter 
strip. The EPA and NCHRP differ between the effects of filters on phosphorus as shown in table 
16. 
Source TP % Removal 
NSW EPA (1997) 29% 
NCHRP (2014) 84% 
The NCHRP recommends a width of 36 ft of grass cover, or the equivalent width of a 
highway median, to treat storm runoff, resulting in the relatively high removal rate of phosphorus 
(2014). The 1997 EPA report, based off of Horner et al (1994), sized the filter strips at 6 m in with, 
approximately 20 ft. While both aimed for approximately 10 minutes resonance time in the filter, 
the scale of the widths between the two studies may best explain the difference in P-removal rates. 
On the Athena site and other urban developments, space is a luxury commonly unavailable 
for planners and so engineers would scale down filter strips, reducing their capacity to remove 
pollutants prior to discharge. Therefore, in our cost analysis we selected the 29% removal rate 
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under the assumption any filter strip design would be scaled down in comparison the NCHRP 
values and more closely match the general value reported by the EPA.  
Vegetated/grass Swales 
Similarly to the vegetated filter strips, grass swales have a varying effect on TP depending 
on their design and vegetation. The simple grass swale has been shown to have widely varying 
degrees of TP removal as shown in Table 17. 
 
Source TP % Removal 
UNHSC (2010/2012) NT 
EPA (1999) 9% 
NCHRP (2014) 28% 
EPA (2008/2010) 29% 
EPA (2009) 29% 
Claytor & Schueler (1996) 10-65 % 
Ahiablame et al (2012) 25-86% 
In particular, Ahiablame et al who similarly analyzed the effectiveness of LID practices for 
stormwater found that reports put nutrient treatment anywhere between 14-98% due to the varying 
vegetation quality (2014). Specifically, grass swales ranged in 25-86% TP removal in several 
reports investigated by Ahiablame et al and was attributed to varying infiltration rate, resonance 
time of the swale, and sedimentation rates (2014).  
While the UNHSC is the only one to show no treatment in both the 2009 and 2012 reports, 
other scientific reports show significant, though variant, removal of phosphorus. These scientific 
reports (NSW EPA, 1997 & NCHRP 2014) often specify small dams within the swale design to 
reduce flow and in the 2009 Biennial Report shows an 8% annual reduction in TP with a ‘filter’ 
berm. This ‘filter’ berm is an impounding dam in the swale made up of riprap, small stone, and 
wood chips (UNHSC, 2010). Though slightly promising in the 2009 report, the later 2012 report 
shows no treatment of TP by the filter berm (UNHSC). The failure of the berm to treat TP can be 
attributed in-part to overloading due to a 100-year storm and damaging the swale and overtopping 
due to accumulating leaves, blocked flow through the berm (UNHSC, 2010). 
Observations from the site visits on January 25th and February 3rd prove that the Arsenal 
site currently has a grass swale to collect the discharge from the existing parking garage. This 
swale has riprap dams to impede flow, similar to conditions specified in the NCHRP report. Thus, 
while the UNHSC has specific data, the design of the swale more closely matched that in the 
NCHRP and for the cost analysis we used a similarly conservative treatment rate of 29% for 
vegetated grass swales.  
Infiltration 
 Infiltration in this section will primarily be made up of subterranean infiltration systems 
such as trenches and chambers, largely manufactured devices whose primary purpose is to store 
stormwater and increase infiltration into the soil.  
 Due to the variation with engineered systems and the reliance on manufacturers advertised 
treatment rates for some technologies, TP removal rates from academic and independent studies 
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are weighted higher than those from potentially biased manufacturer's rates. Table 18 summarises 
the different TP removal rates for infiltration units as well as the type of source used. 
 
Unit Name Source TP % Removal 
Stormtech Isolator Row UNHSC (2010)- academic 49% 
Stormtech Isolator Row UNHSC (2012)- academic 52% 
Infiltration Trench NSW EPA (1997) 50-75% 
Infiltration Trench EPA (1999) 60% 
Infiltration Basin EPA (2004) 60-98% 
ADS Infiltration Unit UNHSC (2010/2012) 81% 
Infiltration Trench EPA (2008/2010) 83% 
 Infiltration analysis in this section will be divided between surface and subsurface 
infiltration methods. Surface infiltration methods often require pretreatment methods to screen out 
large sediments that would impede flow through the filter media and many of these sources include 
simple vegetative buffers or sand filters (EPA 1999, EPA 2004, EPA 2008/2010). The subsurface 
infiltration units follow a similar regime where the UNHSC Stormtech Insulator row and the ADS 
Infiltration trench both use a deep sump to pretreat for sediment prior to inflow into the infiltration 
system (UNHSC 2006, UNHSC 2010). Deep sump systems primarily are for sediment control and 
have little effect on TP (UNHSC, 2010).  
 The Stantec Stormwater Management Report had a design specification of 2.41 in/hr for 
infiltration and complete infiltration within a 72 hour period (Stantec, 2016). While many of the 
sources did not indicate the design infiltration rate for the TP analysis, the EPA specified an 
infiltration rate greater than 2in/hr for a 48-hour period in effective infiltration design (EPA, 2004). 
This leads to an overall shorter retention period than that designed by stantec, which may affect 
the TP treatment rates.  
 For our analysis, we calculated the average phosphorus removal rate for the infiltration 
trench units and found that to be 64%. This assumes a lower range of treatment efficiency while 
an average value from the NWS EPA range would result in a 68.5% average phosphorus removal 
rate from the three sources and a high average would result in 74% treatment rate. The impacts of 
the different average Phosremoval rates to the cost analysis will be discussed in section 4.4.3 
The ADS and Stormtech systems tested by UNHSC had the reported P-removal rates from 
the 2009 and 2012 Biennial Reports such that for ADS infiltration we used the reported 81% rate 
and the Stormtech system an average 50.5% removal rate.  
Porous Pavement 
Porous pavement was separated out from the previous treatment methods due to the 
particular interest as a documented stormwater treatment method in the report Stantec completed 
for the Arsenal Project. Table 19 summarizes the reported phosphors removal rates  
 
Source TP % Removal 
Roseen et al (2012) 42% 
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EPA (2008/2010) 43% 
UNHSC (2012) 57% 
UNHSC (2010) 60% 
EPA (1999) 65% 
Rushton (2001) 76% 
It is important to note that three sources originate from the UNH, the two UNHSC Biennial Reports 
(2010, 2012) and the report on porous asphalt pavement in cold climates by Roseen’s team (2012). 
Both reports sample from the UNHSC porous asphalt test facility on the West Edge Lot installed 
in 2004. The difference between the reports, and potentially the TP removal rates, lies in the 
observation periods. The Roseen report covers events individual events 18-month period from 
April 2005 to September 2006 (2012) while the UNHSC Reports is continuous through 2009 
(2012). In comparison, the continuous monitoring offered by the UNHSC 2012 Report is 
normalized to the 5-year period which includes two 100-year storm events and offers a more 
complete analysis on phosphorus removal by porous pavements (UHNSC 2012). The minor 
reduction in phosphorus removal between the 2009 and 2012 reports can be attributed to system 
age due to decreased infiltration rates resulting from minor clogging in the system (UNHSC, 
2012).  
 Rushton’s work (2001) and the EPA Storm Water Technology Fact Sheet on Porous 
Pavements (1999), though relevant in their own right, do not match the scope of the focus for our 
analysis. Rushton’s analysis focused on pavements in Tampa, FL where seasonal variations and 
climates are not nearly as relevant as those from the UNHSC and Rossen reports (2001). While 
the EPA Fact sheet provides a general TP% removal rate for estimates, the UNH reports provide 
a better focus on the New England conditions (1999).  
 From the discussion above, the team selected a removal rate of 51% %. This rate was 
determined by calculating the arithmetic mean of the UNHSC, Roosen et al, and the EPA 
2008/2010 reports whose focus was on the New England area and representative of the various 
environmental and construction variables for the Arsenal Site.  
Permeable Concrete Pavers 
 As with porous pavements, Permeable Interlocking Concrete Pavers (PICPs) are discussed 
specifically due to their use in the Arsenal project. Table 20 summarizes the estimated TP removal 
rate for PICPs. 
  
Source TP % Removal 
ICIP (2008) 65% 
Tota-Maharaj & Scholz (2010) 78% 
WisDOT (2012) 65-85% 
Roosen (2013) 99% 
 In particular, the Roosen reports a high TP removal due to the significant infiltration 
volumes from sampled storm events which also exceeded 99% (2013). In the Tota-maharaj and 
Sholtz study, several PICP systems were tested for stormwater treatment rates, resulting in an 
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average removal rate for TP at 78% (2010). They theorized that orthophosphate in the stormwater 
was transformed by microorganisms in the media of the PICP system into inorganic forms which 
are then captured by the geosynthetic layers (Tota-Maharaj & Scholz, 2010). 
 For the cost analysis, we selected a TP removal rate of 70% for permeable concrete pavers. 
Of the researched reports, a 65% removal rate is to be expected for PICPs and, dependent upon 
their construction, higher removal rates are common. So while we are using a higher removal rate 
than the minimum, we still consider a 70% removal rate conservative in our analysis.  
Sand Filters 
 Sand filters have been a commonly used stormwater method to treat for suspended solids 
and BOD and have limited effects on nutrient removal as shown in Table 21. 
 
Source TP % Removal 
EPA (1999) 33% 
Weiss et al (2005) 46% 
Clayton & Schueler (1996) 50% 
Winer R. (2000) 59% 
Bell et al (1995) 63.1% 
There are primarily two types of sand filters we were concerned with for our analysis; the surface 
sand filter and the sand filter system. A sand filter system serves the same function as a surface 
sand filter, but is typically an enclosed system and can be placed in concrete chambers 
underground.  
For our analysis, and average P-removal rate of 47% was calculated from reported values 
shown in Table 21 with exception to the Bell et al. values. While certainly the highest reported P-
treatment rate, Weiss et al. notes that the sand media used in the Bell et al study had high 
concentrations of metals noted for their P-removal potential and commonly used in wastewater 
treatment (2005). In order to remove the potential bias in the sand filter P-removal rate, the Bell et 
al. 63.1% removal rate was excluded from the calculations. 
Subsurface Gravel Wetland 
 While there are few sources of TP removal for subsurface gravel wetlands, the rates from 
the UNHSC are particularly reliable and comparable to the average reported by the EPA, as shown 
in Table 22. 
Source TP % Removal 
UNHSC (2010) 56% 
UNHSC (2012) 58% 
EPA (2008/2010) 63% 
The UNHSC’s subsurface gravel wetland has been continuously monitored since 2004 and in the 
2012 Biennial Report showed consistent TP treatment over an 8-year period (UNHSC). Seasonal 
variations in treatment rates are minimal for phosphorus and long-term nutrient uptake is 
demonstrated when biomass is removed every three years (UNHSC, 2012).  
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 For our analysis, we will use a treatment rate of 58% for subsurface gravel wetlands in the 
cost-analysis. This rate is consistent with the EPA’s estimate for gravel wetlands while capturing 
the variability of New England weather in their long-term field study. 
Bioretention 
 Bioretention is a widely variable category of low impact development stormwater 
techniques due to the vegetation option and soil make-up of the filter. For this reason, the range of 
treatment rates for TP removal is wide, as shown in Table 23. and settling on a particular rate for 
the cost analysis is speculative. 
 
Source TP % Removal 
NCHRP (2014) w/ underdrain 26% 
UNHSC (2010) 34% 
UNHSC (2012) 34% 
EPA (2008/2010) 60% 
NCHRP (2014) w/o underdrain 80% 
USEPA (1999) 70-83% 
The NCHRP’s report on BMP performance and life-cycle costs used the Wilcoxon signed-rank 
and Spearman’s rho tests statistical analyze the significance of phosphorus removal for several 
BMPs and contaminants (2014). The results of these two tests for bioretention systems when 
treating dissolved and total phosphorus conflicted. While the Wilcoxon signed-rank test showed 
significant removal for DP and none for TP, the Spearman’s rho test determined there would be 
removal of TP (NCHRP, 2014). This result is justified by the UNHSC’s reports which also show 
variable TP removal among the four bioretention systems tested since 2004 (2012). Therefore, for 
bioretention there will be two particular retention rates to estimate TP removal. These rates and 
specific variable will be discussed in the following segments, but they will generally vary by scale, 
vegetation and soil composition, and the use of underdrains.  
 The first TP removal rate selected for the cost analysis will be 34%, representative of the 
UNHSC woody vegetation bioretention system. This system was one of two systems that showed 
measurable TP removal of the four systems tested and includes a sediment forebay, 30” soil 
mixture, and 16” of filter depth with a subdrain (UNHSC, 2010). Wooded vegetation provided the 
best TP treatment, though limited the growth of smaller vegetation leading to a less dense root mat 
(UNHSC, 2010).  
 The second TP removal rate selected was 70%. This value is representative of a well-
functioning bioretention unit estimated from the NCHRP report, Stormwater BMP Performance 
Analysis (2008/2010), and EPA Fact sheet (1999) whose data sets indicate a high removal rate of 
phosphorus. The Stormwater BMP Performance Analysis, which directly compared their 2004-
2006 data set to the UNHSC findings, states that the UNHSC systems had ‘gone through several 
design and construction related issues’ and the observed data may have been affected by those 
uncertainties.  
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Hydrodynamic Separators 
For purposes of efficiency analysis and research, hydrodynamic separators are distinct 
from the advanced stormwater treatment methods in this section to show the varying P-removal 
efficiencies as tabulated in Table 24.  
Unit Name Source TP % Removal 
Aqua Shield Aqua-Swirl 
Concentrator 
Herrera (2011) 80% 
UNHSC (2007) 42% 
BaySaver BaySeparator Herrera (2011) 19.4% 
Nutrient Separating Baffle 
Box 
Herrera (2011) 70% 
Suntreetech n.d. 46% 
Suntreetech n.d. 32% 
Suntreetech n.d. 23% 
Suntreetech n.d. 42% 
Suntreetech n.d. 32% 
Suntreetech n.d. 18% 
Imbrium Stormceptor Rinker Materials (2002) 32% 
Herrera (2011) 21.8% 
UniStorm Herrera (2011) [noted that it 
was obtained from product 
literature] 
40% 
V2B1 Treatment System Herrera (2011) 40% 
Varying removal rate for phosphorus is due to the hydrodynamic separator’s ability to 
remove suspended particles and floatables from stormwater but not dissolved particles. Varying 
concentrations of particulate and dissolved phosphorus were observed in the studies used in the 
Herrera literature review thus impacting the reported removal rates (2011).  
For our analysis, the Imbrium Stormceptor was used as cost estimates were available and 
an average 26.9% P-removal rate was calculated from the two reported efficiencies as shown in 
table 24.  
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Chemical treatment 
Chemical treatment options were investigated for their P-removal efficiency, as reported 
in table 25, and their noteworthy use in wastewater treatment, but were not used in the cost 
analysis due to the unknown costs to dose and install the appropriate equipment to treat 
stormwater. 
 
Chemical Source TP % Removal Cost 
Alum Erickson, et al (2007) 86-96% depending on 
dose 
$0.65/gallon 
Steel Wool Erickson, et al (2007) 1.43-2.24% per gram 
of steel wool 
N/A 
Crushed Limestone Wium-Andersen, et 
al. (2012) 
62.5% after 10 min $110-543/ton 
Shell-Sand Wium-Andersen, et 
al. (2012) 
75% after 10 min $109/ton 
Zeolite Wium-Andersen, et 
al. (2012) 
30.8% after 10 min $110-543/ton 
Olivine I Wium-Andersen, et 
al. (2012) 
94.5% after 10 min $544-$1089/ton 
Olivine II Wium-Andersen, et 
al. (2012) 
97.7% after 10 min $544-$1089/ton 
 It proved useful to investigate this chemical treatment rates as it helped identify potential 
confounding variables in the analysis of other treatment methods such as in the sand filter analysis 
discussed previously. 
Advanced Stormwater treatment Systems 
Advanced stormwater systems combine multiple aspects of treatment and the removal 
rates from various research papers and manufacturer’s removal rates are shown in Table 26 
Unit Name Source TP % Removal 
Stormtech UNHSC (2007) 49% 
UNHSC (2012) 52% 
Aquafilter UNHSC (2007) 59% 
UNHSC (2012) 24% 
Imbrium Jellyfish Imbrium (2010) 59% 
StormBasin Fabco (2015) 59% 
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StormPod Fabco (2011) 47% 
BayFilter Baysaver (2015) 55.4% 
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Appendix D: Simple Method Runoff Calculations 
 
Simplified Pollutant Loading Calculation 
 
L = (P) (Rv) (C) (A) (0.20)* 
Where: 
L = Load of a pollutant in pounds per year 
P = Rainfall depth per year (inches) 
Rv = Runoff coefficient, which expresses the fraction of rainfall which is converted into 
runoff = 0.05 + 0.009(I) 
I = Site imperviousness (i.e., I = 75 if site is 75% impervious) 
C = Flow-weighted mean concentration of the pollutant (total phosphorus) in urban runoff 
(mg/l) = 0.30 mg/l** 
A = Area of the development site (acres) 
*0.20 is a regional constant and unit conversion factor 
** The C factor can be customized if good local water quality data exist or if an adjustment 
in the 0.30 mg/l term is needed. 
 
From HydroCAD work: 
 I = 74.37% 
 
When calculating the runoff coefficient:  
𝑅𝑅𝐼𝐼 = 0.05 + 0.009 × 𝐶𝐶 
𝑅𝑅𝐼𝐼 =  0.05 + 0.009 × 74.37 
𝑅𝑅𝐼𝐼 =  .7193 
 
Therefore site average runoff volume = 72% 
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Appendix E: Results from the spreadsheet analysis of the P-Removal Methods 
Summary of Treatment Techniques/Technologies for Phosphorus 
Removal from Stormwater  
Summary of Treatment Techniques/Technologies for Phosphorus 
Removal from Stormwater 
Treatment Technique Efficiency 
NPC/lb of P-removed i=3% 
 
Treatment Technique Efficiency 
NPC/lb of P-removed 
i=5%  
25-years 50-years  25-years 50-years 
1 StormBasin 59%  $8,350   $7,320   1 StormBasin 59%  $7,920   $6,980  
2 StormPod 47%  $10,820   $9,460   2 StormPod 47%  $10,280   $8,980  
3 Vegetated Swale 29%  $14,050   $10,610   3 Vegetated Swale 29%  $14,050   $10,610  
4 BayFilter 55%  $16,180   $12,050   4 BayFilter 55%  $15,050   $10,660  
5 Biorentention High 
average 
70%  $17,060   $12,960   5 Biorentention High 
average 
70%  $16,810   $12,760  
6 Gravel Wetland 58%  $18,400   $15,390   6 Gravel Wetland 58%  $18,400   $15,390  
7 ADS Infiltration 81%  $19,940   $15,180   7 ADS Infiltration 81%  $19,940   $15,180  
8 Bioretention Low 
average 
34%  $21,780   $16,710   8 Bioretention Low 
average 
34%  $21,260   $16,280  
9 Stormtech 51%  $22,840   $17,980   9 Stormtech 51%  $22,840   $17,980  
10 Sand Filter 47%  $23,580   $21,120   10 Sand Filter 47%  $23,200   $20,760  
11 Imbrium Jellyfish  59%  $27,320   $20,870   11 Imbrium Jellyfish  59%  $27,320   $20,870  
12 Filtera 70%  $30,030   $27,980   12 Filtera 70%  $29,560   $27,590  
13 "Wet" Retention Pond 35%  $35,820   $32,780   13 "Wet" Retention Pond 35%  $35,820   $32,780  
14 Permeable Concrete 
Pavers 
70%  $40,260   $24,670   14 Permeable Concrete 
Pavers 
70%  $40,260   $23,140  
15 Silva Cell 68%  $47,080   $41,600   15 Silva Cell 68%  $45,730   $40,590  
16 Aquifilter 24%  $48,000   $37,870   16 Aquifilter 24%  $48,000   $37,870  
17 Infiltration Trench 64%  $48,120   $43,710   17 Infiltration Trench 64%  $48,120   $43,710  
18 "Dry" Detention Pond 20%  $50,820   $45,880   18 "Dry" Detention Pond 20%  $50,820   $45,880  
19 Imbrium Stormcepter 27%  $61,650   $56,650   19 Imbrium Stormcepter 27%  $60,500   $55,750  
20 Porous Asphalt 51%  $138,740   $103,370   20 Porous Asphalt 51%  $130,320   $93,580 
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Treatment Technique/ 
Technologies (TT) 
 Capital Cost 
(CC)  
Year of Reference 
(YOR) for CC 
 Maintenance Cost 
(MC)  
YOR for 
MC 
 Adjusted CC to 
2015/ac IC  
 Adjusted MC to 
2015/ac IC-year  
1 Porous Asphalt  $27,570  2015  $1,110  2015  $27,570   $1,110  
2 Permeable Concrete 
Pavers 
 $100,170  2015  $460  2015  $100,170   $460  
3 Gravel Wetland  $27,783  2015  $2,285  2015  $27,790   $2,290  
4 Sand Filter  $15,490  2015  $2,763  2015  $15,490   $2,770  
5 "Dry" Detention Pond  $15,750  2015  $2,620  2015  $15,750   $2,620  
6 "Wet" Retention Pond  $16,803  2015  $3,180  2012  $16,810   $3,300  
7 Vegetated Swale  $15,704  2015  $651  2015  $15,710   $660  
8 Filtera  $4,350  2011  $1,650  2011  $4,580   $1,740  
9 Silva Cell  $11,785  2015  $2,342  2014  $11,790   $2,360  
10 StormBasin  $1,250  2014  $280  2014  $1,260   $290  
11 StormPod  $1,325  2011  $280  2014  $1,400   $290  
12 BayFilter  $7,500  2015  $300  2015  $7,500   $300  
13 Imbrium Jellyfish   $56,000  2010  $2,500  2010  $60,560   $2,710  
14 ADS Infiltration  $50,008  2004  $2,000  2001  $61,290   $2,690  
15 Infiltration Trench  $22,376  2015  $4,003  2015  $22,380   $4,010  
16 Bioretention Low average  $23,460  2015  $1,253  2015  $23,460   $1,260  
17 Biorentention High 
average 
 $41,760  2015  $1,980  2015  $41,760   $1,980  
18 Imbrium Stormcepter  $9,000  2011  $2,750  2011  $9,480   $2,900  
19 Stormtech  $34,000  2006  $2,000  2011  $39,130   $2,110  
20 Aquifilter  $31,322  2004  $2,000  2011  $38,390   $2,110  
*IC = Impervious Cover  ceiling=10  
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Treatment Technique (TT) Adjusted CC to 2015/ac IC 
Adjusted MC 
to 2015/ac 
IC-year 
Life Span 
of TT (yrs) 
Future 
Replacement 
Cost at end of 
Life Span 
NPC/ac at 25 Years NPC/ac at 50 years 
i= 0% i= 3% i= 5% i= 0% i= 3% i= 5% 
1 Porous Asphalt $27,570 $1,110 14.0 $22,100 $77,500 $65,900 $61,900 $149,400 $98,200 $88,900 
2 Permeable Concrete Pavers $100,170 $460 30.0 $59,778 $111,700 $111,700 $111,700 $183,000 $136,900 $128,400 
3 Gravel Wetland $27,790 $2,290 51.0 $- $85,100 $85,100 $85,100 $142,300 $142,300 $142,300 
4 Sand Filter $15,490 $2,770 10.0 $3,800 $92,400 $88,400 $87,000 $173,000 $158,400 $155,700 
5 "Dry" Detention Pond $15,750 $2,620 51.0 $- $81,300 $81,300 $81,300 $146,800 $146,800 $146,800 
6 "Wet" Retention Pond $16,810 $3,300 51.0 $- $99,400 $99,400 $99,400 $181,900 $181,900 $181,900 
7 Vegetated Swale $15,710 $660 51.0 $- $32,300 $32,300 $32,300 $48,800 $48,800 $48,800 
8 Filtera $4,580 $1,740 25.0 $4,580 $52,700 $50,300 $49,500 $100,800 $93,700 $92,400 
9 Silva Cell $11,790 $2,360 20.0 $11,790 $82,600 $76,500 $74,300 $153,400 $135,200 $131,900 
10 StormBasin $1,260 $290 10.0 $1,260 $11,100 $9,800 $9,300 $22,100 $17,200 $16,400 
11 StormPod $1,400 $290 10.0 $1,400 $11,500 $10,000 $9,500 $22,900 $17,500 $16,600 
12 BayFilter $7,500 $300 15.0 $7,500 $22,500 $18,600 $17,300 $45,000 $27,700 $24,500 
13 Imbrium Jellyfish $60,560 $2,710 51.0 $- $128,400 $128,400 $128,400 $196,100 $196,100 $196,100 
14 ADS Infiltration $61,290 $2,690 51.0  $128,600 $128,600 $128,600 $195,800 $195,800 $195,800 
15 Infiltration Trench $22,380 $4,010 51.0 $- $122,700 $122,700 $122,700 $222,900 $222,900 $222,900 
16 Bioretention Low average $23,460 $1,260 25.0 $8,000 $63,000 $58,800 $57,400 $102,500 $90,200 $87,900 
17 Biorentention High average $41,760 $1,980 25.0 $8,000 $99,300 $95,100 $93,700 $156,800 $144,500 $142,200 
18 Imbrium Stormcepter $9,480 $2,900 25.0 $9,000 $91,000 $86,300 $84,700 $172,500 $158,600 $156,100 
19 Stormtech $39,130 $2,110 51.0 $- $91,900 $91,900 $91,900 $144,700 $144,700 $144,700 
20 Aquifilter $38,390 $2,110 51.0 $- $91,200 $91,200 $91,200 $143,900 $143,900 $143,900 
those with lifespans longer than 50 years are given 51 year lifespan and $0 cost for 
replacement ceiling =100 
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Treatment Technique 
NPC, i=0% P-Removal 
Efficiency* 
Design 
Treatment 
Area (ac) 
Lbs. P 
Removed 
Annually** 
NPC/ Lb. P Removed 
at 25 years at 50 years 
at 25 
years 
at 50 
years 
1 Porous Asphalt $77,500 $149,400 51% 0.12 0.019 $163,160 $157,270 
2 Permeable Concrete Pavers $111,700 $183,000 70% 0.5 0.111 $40,260 $32,980 
3 Gravel Wetland $85,100 $142,300 58% 1 0.185 $18,400 $15,390 
4 Sand Filter $92,400 $173,000 47% 1 0.15 $24,640 $23,070 
5 "Dry" Detention Pond $81,300 $146,800 20% 1 0.064 $50,820 $45,880 
6 "Wet" Retention Pond $99,400 $181,900 35% 1 0.111 $35,820 $32,780 
7 Vegetated Swale $32,300 $48,800 29% 1 0.092 $14,050 $10,610 
8 Filtera $52,700 $100,800 70% 0.3 0.067 $31,470 $30,090 
9 Silva Cell $82,600 $153,400 68% 0.3 0.065 $50,840 $47,200 
10 StormBasin $11,100 $22,100 59% 0.25 0.047 $9,450 $9,410 
11 StormPod $11,500 $22,900 47% 0.25 0.037 $12,440 $12,380 
12 BayFilter $22,500 $45,000 55% 0.26 0.046 $19,570 $19,570 
13 Imbrium Jellyfish $128,400 $196,100 59% 1 0.188 $27,320 $20,870 
14 ADS Infiltration $128,600 $195,800 81% 1 0.258 $19,940 $15,180 
15 Infiltration Trench $122,700 $222,900 64% 0.5 0.102 $48,120 $43,710 
16 Bioretention Low average $63,000 $102,500 34% 1 0.108 $23,340 $18,990 
17 Biorentention High average $99,300 $156,800 70% 1 0.223 $17,820 $14,070 
18 Imbrium Stormcepter $91,000 $172,500 27% 0.66 0.056 $65,000 $61,610 
19 Stormtech $91,900 $144,700 51% 1 0.161 $22,840 $17,980 
20 Aquifilter $91,200 $143,900 24% 1 0.076 $48,000 $37,870 
 ceiling= 10 
  *Assume no significant change to efficiency over lifetime of TT 
  Average Annual Rainfall 36 in    
  Annual Runoff Rate 15%     
  **Phosphorus Concentration of 
Runoff 
0.26 mg/l    
  0.06 lb/acre-in     
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Treatment Technique 
NPC, i=3% P-Removal 
Efficiency* 
Design 
Treatment 
Area (ac) 
Lbs. P Removed 
Annually** 
NPC/ Lb. P Removed 
at 25 years at 50 years at 25 years at 50 years 
1 Porous Asphalt $65,900 $98,200 51% 0.12 0.019 $138,740 $103,370 
2 Permeable Concrete Pavers $111,700 $136,900 70% 0.5 0.111 $40,260 $24,670 
3 Gravel Wetland $85,100 $142,300 58% 1 0.185 $18,400 $15,390 
4 Sand Filter $88,400 $158,400 47% 1 0.15 $23,580 $21,120 
5 "Dry" Detention Pond $81,300 $146,800 20% 1 0.064 $50,820 $45,880 
6 "Wet" Retention Pond $99,400 $181,900 35% 1 0.111 $35,820 $32,780 
7 Vegetated Swale $32,300 $48,800 29% 1 0.092 $14,050 $10,610 
8 Filtera $50,300 $93,700 70% 0.3 0.067 $30,030 $27,980 
9 Silva Cell $76,500 $135,200 68% 0.3 0.065 $47,080 $41,600 
10 StormBasin $9,800 $17,200 59% 0.25 0.047 $8,350 $7,320 
11 StormPod $10,000 $17,500 47% 0.25 0.037 $10,820 $9,460 
12 BayFilter $18,600 $27,700 55% 0.26 0.046 $16,180 $12,050 
13 Imbrium Jellyfish $128,400 $196,100 59% 1 0.188 $27,320 $20,870 
14 ADS Infiltration $128,600 $195,800 81% 1 0.258 $19,940 $15,180 
15 Infiltration Trench $122,700 $222,900 64% 0.5 0.102 $48,120 $43,710 
16 Bioretention Low average $58,800 $90,200 34% 1 0.108 $21,780 $16,710 
17 Biorentention High average $95,100 $144,500 70% 1 0.223 $17,060 $12,960 
18 Imbrium Stormcepter $86,300 $158,600 27% 0.66 0.056 $61,650 $56,650 
19 Stormtech $91,900 $144,700 51% 1 0.161 $22,840 $17,980 
20 Aquifilter $91,200 $143,900 24% 1 0.076 $48,000 $37,870 
 ceiling= 10 
  *Assume no significant change to efficiency over lifetime of TT 
  Average Annual Rainfall  36 in    
  Annual Runoff Rate 15%     
  **Phosphorus Concentration of 
Runoff 
0.26 mg/l    
  0.06 lb/acre-in     
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Treatment Technique 
NPC, i=5% P-Removal 
Efficiency* 
Design 
Treatment 
Area (ac) 
Lbs. P Removed 
Annually** 
NPC/ Lb. P Removed 
at 25 years at 50 years at 25 years at 50 years 
1 Porous Asphalt $61,900 $88,900 51% 0.12 0.019 $130,320 $93,580 
2 Permeable Concrete Pavers $111,700 $128,400 70% 0.5 0.111 $40,260 $23,140 
3 Gravel Wetland $85,100 $142,300 58% 1 0.185 $18,400 $15,390 
4 Sand Filter $87,000 $155,700 47% 1 0.15 $23,200 $20,760 
5 "Dry" Detention Pond $81,300 $146,800 20% 1 0.064 $50,820 $45,880 
6 "Wet" Retention Pond $99,400 $181,900 35% 1 0.111 $35,820 $32,780 
7 Vegetated Swale $32,300 $48,800 29% 1 0.092 $14,050 $10,610 
8 Filtera $49,500 $92,400 70% 0.3 0.067 $29,560 $27,590 
9 Silva Cell $74,300 $131,900 68% 0.3 0.065 $45,730 $40,590 
10 StormBasin $9,300 $16,400 59% 0.25 0.047 $7,920 $6,980 
11 StormPod $9,500 $16,600 47% 0.25 0.037 $10,280 $8,980 
12 BayFilter $17,300 $24,500 55% 0.26 0.046 $15,050 $10,660 
13 Imbrium Jellyfish $128,400 $196,100 59% 1 0.188 $27,320 $20,870 
14 ADS Infiltration $128,600 $195,800 81% 1 0.258 $19,940 $15,180 
15 Infiltration Trench $122,700 $222,900 64% 0.5 0.102 $48,120 $43,710 
16 Bioretention Low average $57,400 $87,900 34% 1 0.108 $21,260 $16,280 
17 Biorentention High average $93,700 $142,200 70% 1 0.223 $16,810 $12,760 
18 Imbrium Stormcepter $84,700 $156,100 27% 0.66 0.056 $60,500 $55,750 
19 Stormtech $91,900 $144,700 51% 1 0.161 $22,840 $17,980 
20 Aquifilter $91,200 $143,900 24% 1 0.076 $48,000 $37,870 
 ceiling= 10 
  *Assume no significant change to efficiency over lifetime of TT 
  Average Annual Rainfall  36 in    
  Annual Runoff Rate 15%     
  **Phosphorus Concentration of 
Runoff 
0.26 mg/l    
  0.06 lb/acre-in     
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Appendix F: Examples of Educational Signage for Stormwater Management  
 
Courtesy of Watershed Committee of the Ozarks 
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Courtesy of Watershed Committee of the Ozarks
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Appendix G: Treatment Method Cost Calculations 
Dry Detention 
Source YOP  CC   CC as 2015   AMC  
 AMC as 
2015   RC  LS area 
NURP (2014) 2011   $2,440.00 $2,570.00 $3,800.00 20* 10 
UNHSC 
(2012) 2004 $13,700.00 $16,790.00 $2,300.00 $2,820.00   1 
UNHSC 
(2012) 2012 $16,500.00 $17,110.00 $2,380.00 $2,470.00   1 
Weiss et al 2004 $10,890.00 $13,350.00     1 
Analysis 
Value   $15,750.00  $2,620.00   1 
Wet Retention 
Source YOP  CC   CC as 2015   AMC  
 AMC as 
2015   RC  LS area 
NURP (2014) 2011   $19,020.00 $20,030.00 $75,600.00 20* 5 
UNHSC 
(2005) 2004 $13,662.48 $16,750.00     1 
UNHSC 
(2010)  $13,500.00 $16,550.00     1 
UNHSC 
(2012) 2012 $16,500.00 $17,110.00 $3,060.00 $3,180.00   1 
Weiss et al 2004 $22,687.50 $27,810.00 $907.50 $1,120.00   5 
Analysis 
Value   $16,803.33  $3,180.00   1 
Buffers 
Source YOP CC CC as 2015 AMC AMC as 2015 RC LS area 
NURP (2014) 2011   $2,690.00 $2,840.00  8-60 years 1 
Analysis 
Value   ND  $2,840.00   1 
Filter Strips 
Source YOP  CC   CC as 2015   AMC   AMC as 2015   RC  LS area 
 ND ND ND ND ND ND ND ND 
Vegetated/grass Swales 
Source YOP CC CC as 2015 AMC AMC as 2015 RC LS area 
OUT (2013)* 2010 $18,347.00 $16,268.80 $500.00 $451.00  50+ 0.494 
UNHSC 
(2012) 2012 $14,600.00 $15,140.00 $820.00 $850.00   1 
Analysis 
value   $15,704.40  $650.50   1 
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Infiltration 
Source YOP  CC   CC as 2015   AMC   AMC as 2015   RC  LS area 
UOT (2013)* 
Trench (R & R) w/ 
hydrodynamic 
separator 
2010 $45,534.00 $40,376.80 $1,277.00 $1,139.80  50+ 0.494 
UOT (2013)* 
Trench (Roof only) 2010 $27,575.00 $24,452.40 $74.00 $73.80  50+ 0.494 
UOT (2013)* 
chamber (R & R) 
w/ hydrodynamic 
separator 
2010 $43,706.00 $38,753.20 $1,212.00 $1,082.40  50+ 0.494 
UOT (2013)* 
chamber (Roof 
only) 
2010 $25,547.00 $22,656.60 $74.00 $73.80  50+ 0.494 
Weis et al Trench 2004 $16,335.00 $20,020.00 $11,434.50 $11,860.00   0.5 
Analysis value   $22,376.33  $4,002.53   .5 
Porous Asphalt 
Source YOP CC CC as 2015 AMC AMC as 2015 RC LS area 
NURP (2014) 2011   800/mile  varies 14 1 
UNHSC (2010) 2008 $14,560.00 $15,890.00 $750.00 $820.00   0.12 
UNHSC (2012) 2008   $1,000.00 $1,100.00   0.12 
UNHSC (2012) 2012 $26,600.00 $27,570.00 $1,080.00 $1,120.00   0.12 
Analysis Value   $27,570.00  $1,110.00   .12 
Permeable Concrete Pavers 
Source YOP  CC   CC as 2015   AMC   AMC as 2015   RC  LS area 
UOT (2013) 2010 $99,652.00 $104,460.00 $436.00 $460.00 $72,990.00 30 0.494 
UNHSC (2012) 2010 $26,000.00      0.15 
  $86,666.67 $95,880.00     0.5 
Analysis Value   $100,170.00  $460.00   .5 
Sand Filters 
Source YOP CC CC as 2015 AMC AMC as 2015 RC LS area 
NURP (2014) 2011   $3,093.00 $3,260.00 $3,800.00 10* 3 
UNHSC (2005) 2004 $12,417.00 $15,220.00     1 
UNHSC (2012) 2012 $15,200.00 $15,760.00 $2,810.00 $2,920.00   1 
Weiss et al (2005) 2004 $38,115.00 $46,720.00 $1,715.18 $2,110.00   1 
Analysis Value   $15,490.00  $2,763.33   1 
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Subsurface Gravel Wetland 
Source YOP CC CC as 2015 AMC AMC as 2015 RC LS area 
UNHSC (2005) 2004 $22,327.00 $27,370.00     1 
UNHSC (2010)  $22,500.00 $27,580.00     1 
UNHSC (2012) 2008   $2,150.00 $2,350.00   1 
UNHSC (2012) 2012 $27,400.00 $28,400.00 $2,140.00 $2,220.00   1 
Analysis Value   $27,783.33  $2,285.00   1 
Bioretention (partial infiltration) 
Source YOP CC CC as 2015 AMC AMC as 2015 RC LS area 
UOT (2013)* 2010 $41,476.00 $43,480.00 $952.00 $1,000.00 $7,504.00 25 0.494 
  $40,206.83  $922.87  $7,274.38   
NURP (2014) 2011   $1,470.00 $1,550.00 $6,740.00 4* 1 
UNHSC (2005) 2004 $25,104.00 $30,770.00     1 
UNHSC (2010) 2006 $18,000.00 $20,720.00     1 
 2007 $14,000.00 $15,810.00     1 
UNHSC (2012) 2008   $1,820.00 $1,990.00   1 
UNHSC (2012) 2012 $25,600.00 $26,540.00 $1,900.00 $1,970.00   1 
Weis et al (2005) 2004 $32,670.00 $40,040.00 $980.10 $1,210.00   1 
Analysis Value  Low Average $23,460.00  $1,253.33    
  High Average $41,760.00  $1,980.00   1 
*LS values indicate year of major rehabilitation 
**Data in strikethroughed cells were not used for the cost averages as either the conditions 
of the estimates varies significantly from those on the anthenahealth site or estimates were 
a factor higher than other reports indicated. 
